Florida International University

FIU Digital Commons
FIU Electronic Theses and Dissertations

University Graduate School

9-13-2019

Decoding Geometric Origin of Geomechanical Properties
Sumana Bhattacharya
Florida International University, sbhat014@fiu.edu

Follow this and additional works at: https://digitalcommons.fiu.edu/etd
Part of the Geotechnical Engineering Commons

Recommended Citation
Bhattacharya, Sumana, "Decoding Geometric Origin of Geomechanical Properties" (2019). FIU Electronic
Theses and Dissertations. 4295.
https://digitalcommons.fiu.edu/etd/4295

This work is brought to you for free and open access by the University Graduate School at FIU Digital Commons. It
has been accepted for inclusion in FIU Electronic Theses and Dissertations by an authorized administrator of FIU
Digital Commons. For more information, please contact dcc@fiu.edu.

FLORIDA INTERNATIONAL UNIVERSITY
Miami, Florida

DECODING GEOMETRIC ORIGIN OF GEOMECHANICAL PROPERTIES

A dissertation submitted in partial fulfillment of the
requirements for the degree of
DOCTOR OF PHILOSOPHY
in
CIVIL ENGINEERING
by
Sumana Bhattacharya

2019

To: Dean John L. Volakis
College of Engineering and Computing
This dissertation, written by Sumana Bhattacharya, and entitled Decoding Geometric
Origin of Geomechanical Properties, having been approved in respect to style and
intellectual content, is referred to you for judgement.
We have read this dissertation and recommend that it be approved.

_________________________________________
Abdelhamid Meziani

_________________________________________
Hector R. Fuentes

_________________________________________
Atorod Azizinamini

_________________________________________
Seung Jae Lee, Major Professor

Date of Defense: September 13, 2019
The dissertation of Sumana Bhattacharya is approved.

_________________________________________
Dean John L. Volakis
College of Engineering and Computing

_________________________________________
Andres G. Gil
Vice President for Research and Economic Development
and Dean of the University Graduate School

Florida International University, 2019

ii

ACKNOWLEDGMENT
I thank my dissertation advisor Dr. Seung Jae Lee for guiding me throughout the journey
and introducing me to the world of cutting-edge research in geomechanics. I thank him for
his generous support during various phases of this work and for inspiring me to reach my
full potential.
I am thankful to Dr. Hector R. Fuentes, Dr. Abdelhamid Meziani and Dr. Atorod
Azizinamini for their time and generous support to serve in my dissertation committee. I
thank Dr. Hector R. Fuentes for always encouraging and motivating me, and for taking
time to carefully review my dissertation to provide extremely valuable feedback for
improvement. I thank Dr. Abdelhamid Meziani for his encouragement and constructive
feedback. I am thankful for the generosity of Dr. Atorod Azizinamini and FIU department
of Civil and Environmental Engineering for motivating me and providing support in
various forms.
I thank Mr. Yu-Feng Su for inspiring and motivating me with his work. I also thank various
mentors and collaborators with whom I had the auspicious opportunity to work with: Profs.
Moochul Shin and Chang Hoon Lee at Western New England University, Mr. Sudip Subedi
and Dr. Nipesh Pradhananga at Moss School of Construction, Infrastructure and
Sustainability at FIU, Mr. Julian Ramirez from Robotics and Digital Fabrication (RDF) lab
at FIU Department of Architecture, Mr. Michael Kim at Florida Department of
Transportation. I deeply acknowledge their support and generosity. It was an honor
working with them.
I acknowledge the support of University Graduate School at FIU in the form of Dissertation
Year Fellowship (DYF) award.
iii

I thank my dear friend Dr. Sumanta Das at University of Rhode Island who is a guide to
me for a very long time. I thank Brahma Kumari meditation center in Miami for providing
me critical support and teaching me spirituality during moments of personal crisis. Lastly
and most importantly, I thank all my dear friends whom I met along the journey and created
unforgettable memories with. They have been a huge support system for me, and I could
not have done this without them.

iv

ABSTRACT OF THE DISSERTATION
DECODING GEOMETRIC ORIGIN OF GEOMECHANICAL PROPERTIES
by
Sumana Bhattacharya
Florida International University, 2019
Miami, Florida
Professor Seung Jae Lee, Major Professor
Granular materials such as soil and aggregate, are ubiquitous in nature and the
understanding of their mechanical behavior is of great importance to better predict and
design the civil infrastructure. The particle geometry is a key information to robustly
establish the link between the underlying grain-scale mechanisms and the macroscopic
behavior of granular materials. However, the characteristics of the particle geometry
remain to be better understood. For example, we do not know how the volume is related to
the surface area for irregularly shaped particles in general. Their relation clearly depends
on the morphology, dictating that volume, surface area, and morphology are interrelated.
Then, the remaining question is how the size of a particle would be related to those three
geometric properties. The interrelation of these four geometry parameters is the key
information to fundamentally understand their concerted influence on the complex
behavior of granular materials, but we do not have the answer in the body of knowledge
yet.
The research in this dissertation advances the understanding of grain-scale origin of the
complex macroscale behavior of granular materials and creates a set of new knowledge as
follows: (i) This study systematically addresses the influence of coarse aggregate
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angularity on cemented granular materials. It shows that cemented granular materials with
round aggregates have superior small-strain performance, while the materials with angular
aggregates have superior large-strain performance; (ii) This study develops a new theory
for comprehensive 3D particle geometry characterization by proposing a formulation M =
A/V×L/6, which translates the 3D particle morphology M as a function of surface area A,
volume V, and size L; (iii) This dissertation is benefited by the early adoption of 3Dprinting for geomechanical testing. Laboratory direct shear tests have been conducted on
3D-printed synthetic particles with different geometry, to robustly correlate the geometric
properties of particles to geomechanical properties of the granular materials. (iv) This study
unravels, for the first time, the power law relationship between A/V ratio and V for coarse
aggregate in nature. This relationship is the key to predict morphology using volume
measurement only, thus significantly reducing the effort of particle geometry
characterization.
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INTRODUCTION

1.1 Granular Materials and Multiscale Mechanics
Granular materials are widely encountered in various forms in nature. They have a vast
range of engineering, commercial and industrial applications. They are known as the
second-most manipulated material in industry after water [1]. Soil, aggregate, snow, bulk
food, tree leaves, chemical powder, pharmaceutical pills, lego blocks are all granular in
nature. They are ideally materials consisting of discrete particulate bodies and possess a
unique behavior different from any known type of material. Their constituent particles are
solid rigid bodies, but the particles together can flow as complex fluids (e.g. avalanches)
[2]. They possess both solid and liquid like behaviors but at different scales. At field-scale
they act as continuous material, but at grain-scale they behave as discontinuous material
(Figure 1.1). The complex macroscopic behavior at the field-scale is attributed to their
discrete nature at the grain-scale. Hence to obtain a complete understanding of granular
material behavior, it is critical to study their behavior at different scales.
Granular material field-scale behavior is a function of their grain-scale structure.
Multiscale mechanics is the study of the relationship between the field-scale behavior and
the grain-scale structure. Multiscale mechanics of granular materials is not completely
understood as there is no standard framework or theory that suitably describes the transition
of behavior from scale-to-scale i.e. how the parameters at each scale are linked. The
fundamental understanding of granular material behavior is of extreme importance in areas
such as civil, construction, aerospace, chemical, pharmaceutical, food processing
engineering etc. Continuum-based approach such as finite element method (FEM) has been
popularly adopted in engineering practices due to its detailed capturing of macroscale
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phenomena. But continuum-based approach fails to give information at grain-scale where
grain-to-grain interaction occurs. Since its inception in 1979, discrete element method
(DEM) has gained extreme popularity in grain-scale simulation of granular materials [3].
Soil, which is a major parameter of consideration in civil engineering, is granular in nature.
Although FEM captures field-scale behaviors such as settlement of foundation on soil, it
fails to capture phenomena where soil grains detach from each other such as landslide, soil
excavation or earth digging. The understanding of the discrete nature of soil is of utmost
importance in accurate prediction of soil behavior in case of earthquake, liquefaction or
landslide.
Multiscale mechanics of granular materials finds the link in geometric and mechanical
properties across scales. Since the basic building block of granular materials is grain, a
detailed understanding of grain properties will greatly facilitate correlation of properties
across scales. The first step towards understanding this multiscale behavior is to understand
the parameters that control each scale. At grain-scale, particle morphology (i.e. shape) and
size are two of the most important parameters related to particle geometry that control how
the grains interact among each other. Soil and rock are geologic materials which are used
as cemented and uncemented materials in construction. Cemented material is concrete,
pavements (flexible and rigid) etc. Uncemented material is soil, railway ballast etc.
Macroscale properties of concrete include strength (compressive, tensile and flexural),
abrasion resistance, creep, fire resistance, durability, workability, toughness, permeability
etc. Macroscale properties of soil are bearing capacity, shear strength, slope stability,
lateral earth pressure, consolidation, permeability and seepage, etc. Multiscale mechanics
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is the relation between inter-scale properties such as grain-scale morphology properties and
macro-scale mechanical properties.

Figure 1.1. Multiscale nature of granular materials [4].

1.2 Importance of Particle Morphology in Multiscale Mechanics
Particle 3D morphology is one of the most important grain-scale properties of aggregate
that influence its macroscale behavior. Particle morphology directly controls how two
grains interact. In soil mechanics, the force carried by soil is transferred from grain to grain
through interparticle contact points. Particle morphology determines the number of contact
points in a soil assembly as well as the contact network. It also controls particle interlocking
mechanism which controls its load bearing capacity. Numerous studies have investigated
the importance particle morphology plays on macroscale properties such as aggregate
maximum and minimum void ratio, peak shear strength, critical shear strength, dilation,
particle breakage, stiffness [5–10].
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Construction aggregates are indispensable part of civil engineering. Bound coarse
aggregates are used in highway or airport pavement materials and as the main constituent
of concrete. Unbound aggregates are used as railway ballast materials. Railway tracks are
high in demand as convenient and economic mode of transportation [11]. Ballast
aggregates are one of the most important components of a railway track. Regular wear and
tear from railway load make the ballast particle undergo breakage and chipping which alter
its gradation. This change in grain-scale morphology distribution changes the properties of
ballast in macroscale and requires replacement [12,13]. It is necessary to regularly inspect
the ballast material quality to avoid ununiform settlement or train derailment.
The influence of particle morphology on the mechanical performance, particularly on the
strengths, of cement-based materials (CBM) has been broadly investigated. The use of flat
and elongated particles in concrete has been evidenced to negatively impact the strengths
[14–16], which led to the development of guidelines and specifications suggesting to limit
the use of flat and elongated particles up to 10~15 percent of the total amount [17–19].
Existing studies generally agree that higher peak strengths are obtained by using more
angular particles [20–26]. The rough-textured aggregates have also been observed to
enhance the overall material performance including higher strengths [14,27] and higher
ductility [28,29] than smooth-textured aggregates. The micro-irregularities of surface
texture can also accelerate the rate of hydration as providing nuclei for precipitation of
hydrated products [30,31]. The rutting susceptibility in asphalt concrete is known to
decrease with the roughness of surface texture [32].
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1.3 Existing Methods of Particle Morphology Characterization and Measurement
In early days, sedimentologists were the first to develop interest in particle morphology as
it revealed important information about particle minerology and mode of sediment
transport [33–37]. For practical applications, civil engineers were primarily concerned with
particle size distribution [38]. Particle size has been measured either quickly by sieve
analysis or by linear measurement devices such as ruler or caliper. On the other hand, the
morphology has been traditionally characterized using three factors defined at three
different scales [39]: (i) global form (at particle diameter scale), (ii) local angularity (at
intermediate scale typically one-tenth of particle diameter), and (iii) surface texture (at
small microscopic scale) as shown in Figure 1.2. The global form provides the largest scale
morphological information related to the particle’s diameter scale O(d) and characterizes
the extent to how equidimensional the particle morphology is (e.g. sphere vs. ellipsoid).
The local angularity describes the overall sharpness of corners defined at a smaller length
scale by one order of magnitude O(d/10) [9]. On the other hand, the surface texture is
defined at the smallest morphology scale related to roughness.
Several measurable indices have been developed in the past to describe global form and
local angularity. Sphericity and Roundness [40] are the oldest and broadly adopted
descriptors to optically characterize the global form and the local angularity [41,42]. Both
Sphericity and Roundness range between 0 and 1. A low Sphericity indicates an elongated
shape such as an ellipsoid, while a high Sphericity close to 1 indicates a nearequidimensional shape such as a sphere; a low Roundness close to 0 indicates a particle
with sharp corners, while a high Roundness indicates the opposite. In addition, Regularity
ρ was defined as the arithmetic average of Sphericity and Roundness [6], which can be
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leveraged to comprehensively describe the global form and the local angularity. Compared
to the global form and the local angularity that have been optically characterized using
Sphericity and Roundness, the effect of surface texture has been mechanically
characterized and modeled in terms of the inter-particle friction angle [43–45] in the
discrete element analysis [46,47].
Although there are several modified or simplified definitions of Sphericity, the original
definition which is termed as ‘true’ sphericity is the ratio of surface area of a sphere with
the same volume of the particle to the surface area of the particle [37]. Due to difficulty in
measuring the 3D surface area associated with this formula, several simplified 2D formulas
were developed considering the largest face of the particles. For large particles, the 2D
projections were captured by camera lucid method or taking photographs and surface areas
were measured using planimeters. The difficulty and time associated with measuring these
morphology indices often made their practical use inconvenient. For this reason, field
engineers often characterized particles qualitatively with visual morphology chart.
Qualitative characterization included categorization of particles in groups such as
elongated, flat, spherical, angular, rounded, sub-rounded etc. Boggs used electronic particle
size analyzer on sand sized particles to measure Sphericity and Roundness which was not
possible before for small size particles due to limitation in instrumentation [37].
With the recent advancement of optical geo-characterization and the need of quantitative
morphology assessment, the digital cameras and image processing algorithms have been
adopted for computation of the morphology indices [48]. Digital image processing made it
easier to capture 2D images of particles and process those images to obtain various
parameters such as size, perimeter, surface area [49]. Many 2D shapes indices have since
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been developed such as flat and elongated (F&E) ratio, angularity index, shape factor,
angularity factor etc. based on geometric parameters easily retrieved from the 2D images
[50,51]. However, the computation requires some considerable time at the moment even
for the 2D morphology analysis with the necessity to sample, scan, and analyze as many
aggregate particles as possible to enhance the statistical reliability of characterized
morphology. More recently, the dynamic image analysis equipment has been developed
for a fast 2D morphology analysis, but which has limitations in the particle size that can be
captured [52–54].
Sophisticated 3D particle morphology analysis takes even longer and computationally
more expensive. For example, X-Ray Computed Tomography (XRCT) scanning enabled
to capture the voxel-based 3D particle geometry and subsequent mesh reconstruction to
extract the morphology information [55,56]. Therefore, some significant time is required
for the image processing including the 3D particle segmentation, so XRCT has been
selectively used to capture the granular skeletal structure such as fabric. Furthermore,
XRCT scanning is not affordable for the morphology analysis of a large number of
aggregates. A promising alternative to capture the 3D particle geometry is to use portable
imaging equipment such as affordable digital camera, for which the photogrammetry
technique can be used to develop the 3D models of the individually scanned particles and
analyze the 3D morphology [57]. However, this approach can be only applied for coarse
aggregates, e.g., track ballast, due to the limited resolution of camera, and requires an
extensive number of photos taken to develop accurate 3D particle model. While sampling
as many particles as possible is needed for robust morphology characterization of the given
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aggregate, the 3D imaging task is labor-intensive, thus only limited number of particles
could have been analyzed.

Figure 1.2. Conventional morphology characterization at three different scales [58].

1.4 Research Objective and Scope
The objective of this dissertation is to advance towards better understanding of multiscale
mechanics of granular material. The goal of multiscale mechanics is the systematic
correlation between grain-scale geometric properties with macroscale mechanical
properties. This essentially means identification of key parameters at each scale and
thereafter, systematic and robust correlation of these parameters. The objective of this
dissertation is to identify grain-scale 3D geometric parameters and provide a new robust
3D characterization index for granular particles having more accurate correlation with
macroscale properties compared to existing indices, which at the same time can be readily
and easily implemented in practice. Next it aims to validate the seamless correlation of this
grain-scale index to macroscale mechanical property. Direct shear strength is selected as
the macroscale property for the scope of this dissertation. Finally, the dissertation provides
a convenient technique to measure grain-scale 3D morphology parameters in a quick and
efficient manner.
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Lack of affordable and easily implementable 3D characterization and measurement
techniques significantly hinders the systematic consideration of particle morphology in
construction industry and in constitutive modeling. This research shows how the surfacearea-to-volume-ratio concept was first conceived from cemented granular material
behavior. Then this concept is expanded to encompass granular material in general. Finally,
it shows easy and accurate practical application. The broad objectives of this dissertation
are listed below:
1) Investigation and understanding of the fundamental mechanism by which coarse
aggregate angularity influences macroscale strength behavior of cemented granular
material.
2) Development of a suitable morphology index that can robustly describe the
interrelation of different geometry components of particles.
3) Experimental validation of the accuracy of macroscale predictive capability of this
morphology index.
4) Demonstration of practical measurement technique of particle 3D geometry
parameters quickly and efficiently for a large number of particles.
5) Development of practical method to quickly determine particle 3D ‘true’ Sphericity
distribution of aggregate group.

1.5 Overview
This dissertation is broadly composed of three inter-related parts: 1) morphology
characterization; 2) correlation with macroscale mechanical properties; 3) practical
measurement technique. This dissertation starts with understanding key morphology
components that influence the behavior of cemented granular materials. Building on that
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concept, a new characterization index has been developed. The accuracy of the predictive
capability of this index has been experimentally validated using direct shear test on 3Dprinted particles. Finally, this dissertation provides efficient and practical method to
quickly measure particle geometry properties.
Chapter 2 identifies the morphology components that influence the behavior of cemented
granular material. It relates particle morphology to surface-area-to-volume-ratio. Spherical
particles have lower surface-area-to-volume-ratio while angular particles have higher
surface-area-to-volume-ratio. Cemented granular material is composed mainly of three
phases: aggregates, binding matrix and the interphase regions commonly known as ‘weak
links’ that initiate crack development and propagation. Due to high surface-area-tovolume-ratio in angular particles, cemented granular materials with angular particles have
more ‘weak links’. These ‘weak links’ initially reduce the compressive strength by forming
microcracks. But at high deformation, the microcracks and particle high angularity together
contribute to increase interlocking mechanism, which is manifested as the higher peak
strength in cemented granular material with angular coarse aggregate. To experimentally
corroborate these mechanisms, two sets of aggregate batches, one angular and the other
rounded, are collected and their morphology have been analyzed using 2D image analysis
method. Cemented granular materials made from these two types of aggregates are
subjected to cyclic compression tests to confirm the morphology-driven mechanisms.
Chapter 3 further investigates the influence of surface-area-to-volume ratio and develops a
new characterization concept M-A-V-L where morphology is presented as M=(A/V×L)/6.
It also shows the inter-relation between different particle geometry components such as
surface area (A), volume (V) and size (L). 200 geometric particles have been generated to
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show how the geometric properties are inter-related. This study finds out that particle
surface-area-to-volume-ratio and volume follow a power law relationship, which is an
interesting behavior of particle geometric parameters. Next direct shear test on 3D-printed
synthetic particles have been performed to corroborate the macroscale correlation property
of M-A-V-L characterization.
In Chapter 4, a set of 60 Florida limestone particles have been 3D scanned using HP SL
3D scanner to compute their geometric properties. The purpose is to validate that the power
law relationship between surface-area-to volume-ratio and volume also holds true for
naturally occurring mineral particles as obtained theoretically. It also demonstrates the
capability of the SL scanner to produce high quality scan models of different size particles.
Then SL scanning results are compared with cost efficient and portable photogrammetry
scan results. 30 particles out of the previously scanned 60 particles are scanned using
photogrammetry method. The study compares the two power law equations obtained from
each of the scanning techniques as well as the M values of the 30 particles. The validation
of these power law functions across different particle sizes have been demonstrated by
using additionally sampled 8 particles of different sizes.
In Chapter 5, the power law relationship between particle surface-area-to-volume-ratio and
volume, is leveraged to predict Wadell’s ‘true’ 3D Sphericity using particle volume only.
The power law is obtained from the previously SL scanned 60 particles and volume is
measured using particle weight. This study shows the quick prediction of ‘true’ sphericity
distribution of an aggregate group consisting of 344 particles without actually 3D scanning
them.
Finally, Chapter 6 concludes the dissertation giving recommendation for future work.
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2.1 Introduction
2.1.1

Background

Aggregate in cement-based materials (CBM) is not only one of the major components that
occupies the largest volume (higher than 60%), but also a critical factor that determines the
structural performance of CBM. Aggregate is the most economic component of concrete
after water. Cement which is the most expensive component acts as a binding material to
hold the aggregate skeleton in place. Compressive strength of aggregates ranges from 65
MPa to 270 MPa [59], while compressive strength of cement mortar is around 20 MPa
[60]. Hence aggregates are primarily responsible for the compressive strength of concrete.
For normal-strength concrete, the strength of aggregate is higher than the strength of
cement, hence aggregate strength does not play as significant role as it plays for high
strength concrete where cracks pass through aggregates [61]. Apart from strength of
aggregate, particle morphology of aggregate is one of the two most important ‘particle
scale’ factors along with the particle size.
While morphology influence has been generally accepted in the construction aggregate
research, the influence of local angularity on the overall stress-strain response is still largely
under debate in the research community. Researchers have often reported observations and
conclusions not complementing one another. For example, Saouma et al. [20] reported both
elastic modulus and strengths were significantly increased with the particle angularity. This
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trend was consistently reflected in the ACI 318 codes [62] where the modulus of elasticity
is estimated as proportional to the specified design compressive strength, e.g. Ec = 4700√f’c
for normal weight concrete. However, it is worthwhile to note that the empirical equation
does not factor in the morphology effect nor the void formed by aggregates that affect
mechanical properties of concrete. To the contrary, some of the literature [21–25]
commonly observed the ‘opposite’ trend where the elastic modulus decreased while the
strengths increased with higher morphological angularity (and vice versa, i.e., the elastic
modulus increased using round aggregates). For example, Guinea et al. [21] showed the
tensile and compressive strengths of crushed aggregate are higher than those of the round
aggregate, while the elastic modulus of the crushed aggregate is lower than that of the
round aggregate. On the other hand, Rocco and Elices [63] largely concluded there was no
significant morphology effect despite some minor tendency in the measured properties.
Table 2.1 summarizes the reported results from various studies.
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Table 2.1. Influence of aggregate angularity on the mechanical performance of concrete
(Partly adapted from [63]), where ft is tensile strength, Et is elastic modulus in tension, fpeak
is compressive strength, Ec is elastic modulus in compression (otherwise noted).
Aggregate
Studies

ft (MPa) Et (GPa) fpeak (MPa) Ec (GPa)

Size
(mm)

Morphology
Ra
2.67
-24.8
16.9b
Saouma et al. [20]
38 (max)
Ca
3.96
-36.6
23.2b
R
3.93
-63.8
39.8
Guinea et al. [21]
5-7
C
4.15
-73.2
33.1
R
1.80
24.6
39.9
43.9
5-40
C
2.12
17.6
44.63
35.1
Li et al. [22]
R
1.58
43.1
27.53
36.4
5-150
C
1.91
40.0
21.82
33.1
c
R/TS/3
4.3
-61.4
49.7
R/TR/3c
4.6
-60.9
45.5
19 (max)
d
C(G) /TR/3
5.7
-74.6
48.4
d
C(Q) /TR/3
5.0
-79.4
38.8
Giaccio and Zerbino
[24]
R/TS/5
2.8
-29.6
46.4
R/TR/5
3.2
-31.0
43.0
19 (max)
C(G)d/TR/5
3.8
-30.1
39.1
d
C(Q) /TR/5
3.0
-33.1
33.0
R(S)d
--57.1e
38.3e
Donza et al. [25]
16 (max)
C(G)d
--64.7e
35.4e
Note:
a. R: Round, C: Crushed
b. Effective Young’s modulus.
c. R: Round, C: Crushed / TS: Texture Smooth, TR: Texture Rough / 3:
Water/Cement ratio is 0.3, 5: Water/Cement ratio is 0.5
d. (G) granite, (Q) Quartz, (S) siliceous
e. Digitized the 28 days properties from the plots in [25]

While the existing studies provide great insight into the morphology effect, some
limitations are found including: (a) the angularity was not quantified, but instead
qualitatively characterized as crushed or round after eyeballing the aggregates, thereby it
is unclear how the test results were influenced by the angularity; (b) morphology variables
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were not systematically controlled. Fine and coarse aggregates are mixed together in the
parametric studies that may have significant variance in the angularity of the aggregates;
and (c) no further investigation has been made to understand why, in particular, the elastic
modulus was ‘negatively’ influenced by the angularity.
2.1.2

Objective and Scope

The influence of angularity remains to be better understood to enhance the predictive
capabilities in estimating the mechanical performance of CBM. This study aims to advance
the understanding of the angularity effect and plug up the gap existing in the body of
knowledge. This study focuses on the interaction of three key phases in the material, i.e.,
constituent particles, binding matrix, and interphase region that works as the loadtransferring bridge between the constituent particles and the binding matrix. The particular
emphasis is given to understand how the angularity affects the interaction of the three key
phases, and consequently the macroscopic material behavior.
This study strategically focuses on the influence of coarse aggregate morphology. If both
coarse and fine aggregates are considered in the study, the level of the parametric
complexity would significantly increase in the control variables, resulting in the mixed
morphology effects produced by both aggregates. Considering the particle surface area is
a critical mediator to correlate the aggregate morphology with the mechanical behavior,
and the surface area of fine aggregate could be incomparably larger than that of the coarse
aggregate, the inclusion of fine aggregate may potentially interfere with systematic
observation of the influence of the coarse aggregate. The influences of fine and coarse
aggregates can be considerably different, and it is necessary to strategically focus the
already complicated influence of coarse aggregate first. Furthermore, the morphology
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characterization of fine aggregates is technologically challenging due to the small particle
size and a large number of particles for reliable sampling. Only a few studies were able to
characterize the shape of fine aggregates by using advanced image analysis systems such
as a laser diffraction method, or X-ray computed tomography methods [64–66]. Therefore,
coarse aggregate is only adopted to prepare the CBM specimens for the experimental
testing, while factoring out the influence of fine aggregate morphology. However, the
findings from this study can be extended for investigating the influence of fine aggregate
morphology that is left for future study.
The following highlights the materials and the approach adopted in this study, and the
major findings from the experimental investigation of the influence of coarse aggregate
angularity:
•

Two types of coarse aggregates, (a) river and (b) crushed aggregates with
discernible morphology differences, are adopted. The influence of particle size
distribution is excluded in the investigation by controlling the nominal size between
9.5 mm to 12.5 mm to focus on the morphology effect (Section 2.3.1).

•

The morphological characteristic is systematically quantified in terms of the
Sphericity and Roundness for measuring the global form and local angularity
instead of qualitative description such as round or angular as often used in the
existing studies (Section 2.3.2.1).

•

An image-based characterization technique is leveraged to robustly quantify the
morphology of each particle instead of eyeballing description that may be
subjective depending on inspectors (Section 2.3.2.2).
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•

The aggregate morphology is statistically defined on the sampled individual
particle morphology (Section 2.3.2.3).

•

A series of laboratory mechanical tests including cyclic compression test is
performed on cylindrical specimens prepared with each type of the aggregate, and
the overall CBM stress- strain response is obtained including the elastic modulus,
the strengths, and the time-dependent transition of the mechanical properties
(Section 2.4).

•

The result shows the angularity negatively influences the small- strain performance,
while positively impacts the mechanical property in the ultimate state at a large
strain level.

2.2 Hypothesized Morphology-driven Particle Scale Mechanisms
Hypothesis #1: (More ‘weak links’ with the angularity). CBM is mainly composed of three
phases: (a) aggregates that constitute the granular skeleton of CBM, (b) binding matrix that
partially occupies the interstitial space, and (c) interphase region between the particles and
the binding matrix. The interphase region substantially affects the overall performance of
CBM, as it plays the critical role in the load-transferring mechanisms between particles
and binding matrix. However, it is also susceptible to damage due to its weak mechanical
properties [67,68]. Therefore, the interphase region commonly has been referred to as
‘weak links’ [14,69]. This study postulates that the aggregate angularity influences the
formation of ‘weak links,’ and consequently the macroscopic mechanical behavior for the
following reason.
The aggregate morphology is specifically related to aggregate’s surface-area-to-volume
ratio, e.g., a sphere has the ‘smallest’ surface-area-to-volume ratio in all the geometric
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shapes, and the ratio increases with the morphological angularity. For example, the surfacearea-to-volume ratio of a cube is 1.24 times higher than that of a sphere given the same
volume, while that of ‘more angular’ regular tetrahedron is 1.49 times higher than that of
the sphere with the same volume. Figure 2.1 illustrates an example of a more realistic
particle morphology (Figure 2.1a) shown with three spheres (Figure 2.1b, c, and d) that are
differently scaled to match one of volume (V), surface area (A), or size (L) of the angular
particle. Following interpretations can be made: (i) an angular particle has a higher A/V
ratio compared to the sphere (round particle) of the same size (Figure 2.1b); (ii) the A/V
ratio has a unit of inverse length, indicating that the A/V ratio depends on size. Therefore,
the A/V ratio of the sphere increases (from 4 to 6 cm-1) with decrease in size (from 1.5 to
1.0 cm). However, if a particle is angular, the A/V ratio is still larger compared to a sphere
given the same volume (Figure 2.1d).

Figure 2.1. The surface-area-to-volume ratio depending on the particle morphology.

This fundamental concept between the surface-area-to-volume ratio and the morphology is
the guiding principle hypothesizes that the angular aggregate inherently develops larger
‘weak’ inter- phase region along the aggregate surface due to the larger surface- area-tovolume ratio. Figure 2.2 schematically shows the concept.
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Figure 2.2. The influence of particle morphology on the formation of ‘weak’ interphase
region.
Hypothesis #2: (High stress concentration on the binding substances). Sharp corners and
surface concavity of the aggregate produce the localized ‘stress concentration’ on the
nearby binding matrix [68]. The stress concentration caused by angular aggregate is likely
to exacerbate the micro-damage compared to that caused by round aggregate, which will,
in turn, negatively impact the mechanical performance. Consequently, it is highly possible
that cracks initiate, propagate, and connect between the larger inter- phase regions, leaving
more permanent micro-damage which can be manifested by early small-strain modulus
reduction in the macroscopic material behavior.
Hypothesis #3: (Interlocking mechanism in CBM with significant micro-damage). Once
CBM develops significant micro-damage at the interface of the aggregate and the binding
matrix at a high stress-strain level, the interlocking mechanisms of frictional materials kick
in. The angularity increases the shear resistance at the interface with the normal stress
increases between the aggregate and the binding matrix at a higher loading level. Vast
literature reports the angularity enhances the interlocking mechanisms, thus greater
strengths are observed [20–26]. Therefore, the ‘damaged’ CBM with angular aggregates
manifests higher strengths and moduli in the ultimate state, compared to the CBM with
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round aggregates. It is also noted that this concept of the larger surface-area-to-volume
ratio of angular aggregates can be translated by a larger quantity of the interlocking
between particles and binding matrix, which generally supports the greater mechanical
performance observed for the specimen with angular aggregates.
In summary, the angularity will ‘negatively’ (by Hypotheses #1 and #2) or ‘positively’ (by
Hypotheses #3) impact the mechanical performance of CBM. Depending on which
mechanisms dominate, the resulting performances (e.g. strength, elastic modulus) can vary.
This study experimentally investigates and systematically addresses the influence of aforestated morphology-driven particle scale mechanisms.

2.3 Aggregate Morphology Characterization
Determination of the aggregate surface-area-to-volume ratio requires 3D scanning and
photogrammetric processing of individual particle, followed by the digital construction of
high-resolution 3D models [70] to numerically measure the surface area and volume. The
mobile imaging technique using portable devices such as smartphones, tablets, or digital
cameras make this 3D modeling process more accessible and affordable, and it has been
recently adopted for 3D aggregate modeling [71]. While this approach is technologically
‘sustainable’ with the newer generations of mobile devices and advances in the
photogrammetry technique, evaluating the morphology through 3D modeling is still
computationally demanding for a large number of particles. Therefore, this study adopts a
set of the conventional 2D particle morphology descriptions to indirectly represent the 3D
morphology and then to correlate the geometrical information with the material behavior
of CBM.
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2.3.1

Preparation of Coarse Aggregate Samples

Two different types of coarse aggregate are collected for the study, (a) crushed (angular),
and (b) river (round) particles, of size #5 according to ASTM C33 [72], i.e., passing
aggregate through 25 mm ranges from 90 to 100% by mass. Some photos of the sampled
particles are shown in Figure 2.3, where the morphology difference is clearly observed.
The samples are sieved from the bulk aggregates to minimize the variance of nominal size,
so the particles that pass 12.5 mm sieve and retained at 9.5 mm sieve are then collected and
used in the experimental study. Therefore, the size gradation effect is controlled and
minimized. The aggregates are washed and stored in the dry oven at 110 °C for 24 hours
to remove the moisture from the particles.

(a) Crushed (angular) particles

(b) River (rounded) particles

Figure 2.3. Two different sets of aggregate used in this study.
2.3.2

Characterization of Global Form and Local Angularity

2.3.2.1 Morphology Description using Sphericity and Roundness
A variety of 2D morphology indices such as Sphericity and Roundness [73], Shape Factor
and Angularity Factor [74], and Flat & Elongated Ratio and Angularity Index [75], have
been developed to quantify the morphology. This study adopts the Sphericity and
Roundness [35] to quantify the global form and local angularity respectively, which are
broadly adopted in the aggregate research community. In particular, this study employs the
sphericity defined by ‘width-to-length ratio’ among the five most common definitions of
Sphericity, which was reported as the best estimate of the global form [41]. Both sphericity
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and roundness theoretically range between 0.0 and 1.0. A higher sphericity indicates the
global form is more equidimensional such as a sphere, while a higher roundness indicates
less sharp corners of the particle. These indices quantify the 2D particle morphology based
on 2D digital photos. Considering 3D morphology may look quite different depending on
how the particle is seen from selected angles, this study takes five photos per particle
including three images obtained from three orthogonal axes and two more images from
random orientations. This study follows the procedure established by many other
researchers to select the three orthogonal angles [76–78] that commonly corroborate using
three orthogonal projections provide good accuracy for the 3D morphology quantification.
Two additional random images are adopted to enhance the reliability of the image-based
morphology analysis.
2.3.2.2 Image-based Analysis Procedure
Image analysis is proceeded in five steps for each particle to characterize the morphology
as outlined in Figure 2.4.
Step 1 - Image acquisition (2.4a): Thirty particles are randomly sampled from each type of
the crushed and river aggregates. Five photos are taken on each particle, thus a total of 150
images are obtained for each group of the sampled aggregates. Note that ± 0.05 of the 95%
confidence intervals for the mean values of both morphological indices are postulated.
Assuming the resulting standard deviation is 0.1, the required number of images is about
16. Considering the total number of images taken is 150, the resulting mean value from
this analysis can be statistically validated. Particles are placed on a grid paper whose cell
size is 7 mm × 7 mm, i.e., the diagonal length is about 10 mm. The particle photos are taken
using iPhone 7+ equipped with a 12-megapixel camera at 401 pixels per inch. This study
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employs the affordable smartphone to demonstrate the proposed approach can be
seamlessly applied to the engineering practice in a cost-effective manner, but any
innovative imaging method may be adopted to acquire the aggregate images.
Step 2 - Foreground segmentation (2.4b): This step adopts the GrabCut algorithm [79] to
segment the foreground particle image from the background that is implemented in
OpenCV library [80]. This semi-automatic algorithm performs a ‘hard’ segmentation using
an iterative graph cut, minimizing the energy defined in the objective function. The final
output is a segmented particle image on a black background.
Step 3 - Image binarization (2.4c): The segmented image from Step 2 is then converted to
a black/white binary image for use as the input for angularity computation. Accordingly,
the color of pixels inside the foreground particle is changed to white.
Step 4 - Image vectorization (2.4d): The obtained binary image after Step 3 is a raster
graphics with the pixels that appear as a grid of low-resolution squares. This may impact
the roundness computation if the code does ‘overfitting’ when evaluating the local
angularity. Therefore, the binary image is vectorized to minimize the impact that orients
from the graphical noise. This study adopts an open source vectorization code, Potrace
[81], to capture the best-fitting particle outline. The vectorized image is then converted to
a high-resolution bitmap for use in the morphology analysis. The high-resolution bitmap is
normalized to 1,000 pixels per circumscribed circle diameter (PCD) as recommended by
Zheng and Hryciw [41] to use their morphology analysis code in Step 5.
Step 5 – Morphology computation (2.4f): This study adopts a sphericity and roundness
computation algorithm and code developed by Zheng and Hryciw [41]. The high-resolution
images are leveraged to analyze the aggregate morphology.
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Step1

Step 2

Step 3

(a) Image
acquisition

(b) Foreground
segmentation

(c) Image
binarization

Step 4

Step 5

(d) Image (f) Morphology
vectorization computation

Figure 2.4. Five-step image analysis procedure.
2.3.2.3 Analysis Result
The results of the measured Sphericity and Roundness are plotted in Figure 2.5 with the
ellipses representing 95% contour of the bivariate normal distributions for each aggregate
morphology. The sphericity and roundness of all 150 projections are included in order to
better represent the particle 3D geometry. The center of the bivariate ellipse for river (RI)
aggregate, indicating the mean values, is located upper-left to that of crushed (CR)
aggregate, and the width and height of the ellipse represent 95% intervals of bivariate
normal distribution: (a) The sphericity of RI aggregate is lower than that of CR aggregate
by 0.04 (to the horizontal axis), but the center and width of both ellipses are overall
comparable to each other, meaning the global forms of two aggregate types are largely
similar; (b) On the other hand, the mean value of the roundness of the RI aggregate is
considerably higher than that of CR aggregate by 0.16 (to the vertical axis) despite some
outliers located below CR aggregate. Furthermore, the RI aggregate shows a larger
variation in the roundness than that of CR aggregate by 0.14 (i.e., 0.46 vs. 0.32), so the RI
ellipse is located well above the CR ellipse.
This result can be interpreted that the CR aggregate has significantly more angular
morphology than the RI aggregate. Therefore, it is conjectured that the CR aggregate has
overall larger surface-area-to-volume ratios due to the significantly higher angularity, thus
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confirming that these aggregate samples are suitable to investigate the influence of
morphological angularity. The larger size of RI ellipse (i.e., larger variation in the
roundness) is possibly attributed by the nature of how we obtain each aggregate: the
crushed aggregate is produced by a crusher; the river aggregate is naturally occurring,
which has inherently higher randomness in the shapes. Further, the computed covariance
between sphericity and roundness, as manifested by the rotation of the bivariate ellipses,
are respectively -0.001 and 0.0009 for the river and crushed aggregates, inferring that both
parameters are negligibly correlated.

Figure 2.5. Morphology of crushed and river aggregates, where the distributions are
statistically represented by the bivariate ellipses (courtesy of Drs. Chang Hoon Lee and
Moochul Shin at WNEU).
The sensitivity of the evaluated morphology to the resolutions of the particle images is also
investigated. Photos of a set of particles are taken at three different resolutions: 8, 12, and
24 megapixels (MP), and then the image analysis is performed via the same procedure
described above to analyze and compare the aggregate morphology. A high-resolution
24.3-megapixel mirrorless digital camera is used to take 12 MP and 24 MP photos, and
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different smartphones are used including the iPhone 7+ for 8 MP and 12 MP photos. An
overall good comparison is made in the evaluated morphology obtained from all the photos.
The largest differences in the resulting sphericity and roundness for given particles are
respectively less than 1% and 5 %, which indicates the image-based analysis performed in
this study is not sensitive to the resolution and the result is reliable.
2.3.3

Characterization of Surface Texture

Obtaining the mineralogical information of the crushed and river aggregates is important
in the sense that the surface texture is largely determined by intrinsic mineralogy [43]. This
study attempts to indirectly estimate the surface roughness by measuring the water contact
angle, since the contact angle represents the surface roughness of materials [82,83], i.e.,
the mechanical characteristic of surface texture. To this end, water droplet tests are
performed to measure and compare the contact angles of both river and crushed aggregates
using a goniometer. Figure 2.6 shows the images of water droplets on a surface of (a) river
and (b) crushed aggregates. Comparable contact angles of about 30° are consistently
observed on both types of the aggregates, indicating the surface roughness are overall
comparable to each other. Consequently, the influence of the surface texture is controlled
in this study. While we recognize there is room for improvement for robust characterization
of the surface texture, a systematic investigation of the surface texture effect is beyond the
scope of this study and is left for future study.
It is also worthwhile to note that Pan et al. [29] reported that the influence of the surface
texture on the fracture energy, a property measuring crack initiation and propagation, is
relatively not significant as compared to the surface area determined by global form and
local angularity. Therefore, any small difference and/or measurement error in the surface
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texture between the two types of aggregates is not anticipated to significantly affect the
experimental test results.

Figure 2.6. Water droplet test result – Image of droplets on (a) river and (b) crushed
aggregates, where the outline of a droplet on a river aggregate is overlapped for optical
comparison (courtesy of Drs. Chang Hoon Lee and Moochul Shin at WNEU).

2.4 Investigation of morphology effect on mechanical properties
2.4.1

Experimental Procedure

Two groups of cement-based specimens are prepared with each of CR and RI aggregates
to experimentally investigate the influence of the coarse aggregate angularity on the
mechanical properties of CBM. Table 2.2 summarizes the mix design proportions which is
used to cast 32 cylindrical specimens of 76.2 mm × 154.2 mm dimension. The mixture
proportion is designed such that for each type of aggregate (CR or RI) there is an identical
volume of paste and aggregate (i.e. 52% paste, 43% aggregate, and 5% air by volume). The
volume ratio of paste to aggregate is selected as 1.2, which is generally used for the normalstrength concrete. For normal-strength concrete, the compressive strength of concrete
increases with increase in aggregate content [61]. In this study the mix proportions contain
a fixed volume of aggregates (43%) for both types of aggregates. Air voids are intentionally
introduced in concrete to reduce damage caused by freezing and thawing to increase
durability. It reduces the strength of concrete, for each 1% increase in volume of air void,
there is a 5% decrease in strength of concrete [84]. However, it increases the workability
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of concrete. In this experimental investigation, a 5% air void is introduced in the mix
portion. Fine aggregates smaller than 4.75 mm are deliberately excluded from the mix to
focus only on the coarse aggregate morphology effects on the mechanical properties of the
specimens, as discuss previously in the scope of study (Section 2.1.2). Aggregates are also
washed and oven-dried to remove any inert particles from the aggregate surface and adjust
absorption of aggregates in the mixture. The cylindrical specimens are then cured in a
temperature-controlled chamber at 23 °C until the designed testing ages are achieved.
Table 2.2. Mixture proportion (per m3 mortar) (courtesy of Drs. Chang Hoon Lee and
Moochul Shin at WNEU).
Component
Crusheda
Rivera
Cementb (kg)
634
Water (kg)
317
W/C
0.5
c,d
Coarse Aggregate (kg)
1090
1121
Volume ratio of Paste to
1.2
Aggregate
Note:
a. Both mortars are estimated to have 5% of air.
b. Specific gravity of cement is estimated to be 3.15.
c. Specific Gravity: 2.53 (Crushed) and 2.60 (River) per ASTM C127 [85].
d. Absorption: 1.4% (Crushed) and 1.1% (River) per ASTM C127.

The thirty-two specimens are used to perform three different laboratory tests: (a) a splitting
tensile strength test (10 specimens) according to ASTM C496 [86], (b) a monotonic
compressive strength test (10 specimens) according to ASTM C39 [87], and (c) a cyclic
compression test (12 specimens) according to ASTM C469 [88] at each of 1, 3, 8, 14, and
28 days of specimen ages. Figure 2.7 shows experimental set-up for three different tests
showing the cylinder specimens before the tests, for which a 1,112 KN (250,000 lb)
hydraulic compression machine is used. The adopted loading rate for splitting tensile
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strength is about 0.7 MPa/min (100 psi/min) and it is about 0.14 MPa/sec (20 psi/sec) for
both monotonic and cyclic compression tests complying with the corresponding standards.
The elastic modulus of the tested cylinders are computed from the load-deformation
response which is measured using an extensometer (as shown in Figure 2.7c).

(a)

(b)

(c)

Figure 2.7. Test setups: (a) Splitting tensile strength test, (b) Monotonic compression test,
(c) Cyclic compression test. (courtesy of Drs. Chang Hoon Lee and Moochul Shin at
WNEU).
2.4.2

Test Results and Discussion

Figure 2.8 shows the manifested splitting tensile strength values for CR and RI aggregates
at 5 different test ages. The splitting tensile strengths increase with time for both types of
aggregates. However, for CR specimens the values of splitting strength are clearly higher
compared to that of the RI specimens. At 28 days, CR specimen has a 57% higher splitting
tensile strength than that of the RI specimen.
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Figure 2.8. The splitting tensile strength of the tested 10 cylinders with respect to test ages
(courtesy of Drs. Chang Hoon Lee and Moochul Shin at WNEU).
The measured compressive strengths of the cylinders are showed in Figure 2.9 for 5
different test ages. Similar to the results of splitting tensile strength test, here also the CR
specimens showed higher compressive strengths than the RI specimens. At 28 days, the
CR specimen has an 85% higher compressive strength than the RI specimen. These
splitting and compressive strength results demonstrate the efficacy of the postulated
mechanism #3 in the ‘damaged’ CBM (discussed in Section 2.2) and underpin the general
observations in the works of literature, i.e., a higher strength is obtained with a higher
aggregate angularity.
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Figure 2.9. The compressive strengths of the tested 10 cylinders with test ages (courtesy of
Drs. Chang Hoon Lee and Moochul Shin at WNEU).
Comparison of elastic moduli of each specimen at 14 and 28 days is shown in Figure 2.10
(the measurements taken at the earlier days are not available due to the improper readings
from the extensometer). Unlike the compressive and tensile strength test results previously
discussed, the RI specimens is found to have a higher elastic modulus than that of the CR
specimens. This finding underpins the postulated mechanisms #1 and #2, whereby the
angular particle morphology in CBM causes early small-strain modulus reduction while
the round particle morphology delays early micro-damage initiation.
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Figure 2.10. The modulus of elasticity of the tested cylinders at Days 14 and 28 (courtesy
of Drs. Chang Hoon Lee and Moochul Shin at WNEU).
The cyclic compression tests are performed by ‘incrementally’ loading the cylindrical
specimens at four consecutive cycles : (1) loading up to 40~50% of the compressive
strength (obtained from the monotonic compression tests performed earlier) and unloading;
(2) reloading up to 60~70% and unloading; (3) reloading up to 80~90% and unloading; and
finally (4) loading until failure. The loading rate of 0.14 MPa/sec is adopted for this test.
The cyclic compression test results at 28 days are shown in Figure 2.11. Figure 2.11a shows
the original stress-strain curve, while Figure 2.11b shows the normalized curve with respect
to their respective peak compressive strength. The figure also confirms the trend observed
in the splitting tensile and monotonic compression tests, i.e., the RI specimen shows a
superior initial performance while the CR specimen shows a superior ultimate strength.
There is a noticeable reduction in the secant modulus of CR specimen even at small strain
and the secant modulus of the RI specimen is clearly higher at the first cycle. At the first
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cycle, which is 40% of the peak compressive strength of CR specimen, there is a significant
permanent damage. But at the first cycle, which is 45% of peak compressive strength, the
RI specimen is still in elastic region (Figure 2.11b). As a result, the residual strain at the
end of the first cycle is 325 μ for CR specimen which is significantly higher than 50 μ for
RI specimen. In RI specimen, the higher elastic modulus is obtained at a significantly lower
stress level (here, 40~45% of the peak compressive strength) by the lower deformation.
Slate and Hover (1984) reported that the both elastic strain energy and fractured surface
energy governs the strain at the stress level of about 30% of peak stress. Thus, smaller
strain at a given stress level can be associated with a relatively higher elastic strain energy
and lower fractured surface energy. However, once the specimens are significantly
damaged by the repeated application of cyclic loading, the higher aggregate surface area
in CR specimen positively influences the performance carrying more load by interlocking
mechanism with the binding matrix at the particle interface. This is manifested in the last
loading cycle where CR specimen possesses both higher modulus as well as strength
compared to RI specimen.
In summary, the resulting stress-strain responses obtained from the cyclic loadings can be
explained by the afore-stated morphology-driven particle scale mechanisms, i.e., the
smaller permanent damage and the higher secant modulus of the RI specimen at the smallstrain range can be explained by the mechanisms #1 and #2, while the higher strengths and
modulus of the CR specimen at the relatively larger strain can be corroborated with the
mechanism #3.
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(a)

(b)

Figure 2.11. Responses under cyclic loading at 28 days; (a) Stress-strain curve of cylinders
with crushed particles (CR) and river particles (RI); and (b) the curves ‘normalized’ by the
peak compressive strength (fpeak) (courtesy of Drs. Chang Hoon Lee and Moochul Shin at
WNEU).

2.5 Concluding Remarks
This study investigates the effect of coarse aggregate angularity on mechanical properties
of the cement-based materials (CBM). Three mechanisms driven by particle scale
morphology are postulated to elaborate the angularity-dependent behavior that is largely
under debate in the research community. This study makes a systematic approach by
strategically (a) limiting the size to coarse aggregates, (b) preparing two types of aggregates
with discernible difference in the angularity, while the other morphological properties (i.e.,
global form and surface texture) are comparable, (c) quantifying the morphology with the
sphericity and roundness, not relying on conventional eyeballing, and (d) experimentally
demonstrating the small-strain material performance is negatively influenced by the
aggregate angularity. Consequently, the findings imply the use of the crushed (angular)
particles would not be always beneficial to the material performance if subjected to
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loadings inducing relatively low-level strain, where the rounded particles would lead to the
better performance by delaying early micro-damage initiations.
Due to more number of micro-cracks, CBM with angular particles face durability problem
especially in coastal regions where moisture penetration is frequent. In coastal regions,
soluble sulphates in soil and water increase the risk of corrosion of reinforcing steel. In
cold regions, moisture in cracks lead to freezing and thawing. This further ruptures the
cracks and expands them resulting in significant deterioration in concrete strength [90].
Hence in coastal area and cold region, round aggregates provide better durability than
crushed aggregate.
Due to high surface-area-to-volume ratio, angular aggregates have high voids. Hence, they
require more water and paste to maintain workability [91]. The study also focuses on
normal-strength concrete with a high W/C ratio of 0.5 to maintain workability. This is
loosely cemented material, so cracks pass through the binder matrix and not through
particles. How W/C ratio affects the influence of coarse aggregate morphology on CBM
performance is left for future investigation.
The scope of this study is limited to normal-strength concrete where cracks pass through
the interphase region. In concrete with light-weight aggregates, cracks pass through the
aggregates. In high-strength concrete which is characterized by good bonding between
aggregates and binding matrix, some cracks go through the aggregates [92]. The influence
of aggregate angularity on high-strength concrete and concrete with light-weight
aggregates is an area of future study. This study is limited to analysis of coarse aggregate
angularity. Further research has to be done to completely understand the influence of fine
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aggregate morphology on CBM. One of the future works is to incorporate the morphology
effect in ACI codes to estimate elastic modulus and compressive strength of concrete.
In summary, CBM with round aggregates provide a higher elastic modulus, i.e. superior
small-strain behavior, thus enhancing durability due to less microcracks in small-strain
loading. On the other hand, CBM with angular aggregates provide a higher peak strength,
i.e. better resistance to extreme loads.
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3

A NEW INTERPRETATION OF THREE-DIMENSIONAL PARTICLE
GEOMETRY: M-A-V-L

3.1 Introduction
3.1.1

Background

The influence of particle geometry is a key to understand the complex behavior of the
granular materials, but our knowledge of the subject remains at best incomplete. The 3D
particle geometry is characterized in terms of four parameters, i.e., morphology M, surface
area A, volume V, and size L. The quantities of these parameters are interrelated, e.g., if
size changes, surface area and volume also change. Morphology is also closely related to
size, as morphology affects the size measurement [93] as well as surface area and/or
volume. For example, Figure 3.1a shows two differently shaped particles of the same size
(measured in terms of the diameter of particle’s bounding sphere). These particles
necessarily have different volumes and surface areas from each other. On the other hand,
if the particle volume is same as shown in Figure 3.1b, these particles have different sizes
and surface areas as well as the different morphology. If two particles with the same
morphology are of different sizes, these particles have different volumes and surface areas
(Figure 3.1c).
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Figure 3.1. Interrelated 3D particle geometry parameters; (a) Two different particle
morphology with the same size; (b) Two different particle morphology with the same
volume; (c) Two different particles with same morphology having different volumes,
surface areas and sizes.
The definitions of particle volume, surface area, and size are clear, and each parameter is
characterized by a single scalar value. On the other hand, three factors have been
traditionally used for the characterization of morphology at three different scales (discussed
in Chapter 1): (i) global form, (ii) local angularity, and (iii) surface texture. Regularity ρ is
defined as the arithmetic average of Sphericity and Roundness. Sphericity (descriptor for
global form) and Roundness (descriptor for local angularity) are traditionally defined in
2D using the particle projection images [41]. These 2D descriptors have been commonly
adopted due to the ease of characterization of global form and local angularity, but which
have inherent limitation to interrelating the morphology with volume and surface area that
are defined in 3D.
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The ‘true’ Sphericity is a 3D descriptor developed by Wadell [40] that characterizes the
particle morphology by comparing its surface area to that of a sphere with the same volume.
It is worth to note the ‘true’ Sphericity is not an indicator of the global form only, because
it is a function of the surface area, thereby also influenced by the local angularity [94,95].
This 3D Sphericity formula has not been popularly used due to the challenge of measuring
the surface area until recently the 3D optical characterization techniques became available
in the research community such as X-ray computed tomography [96,97], 3D laser scanning
[98,99], photogrammetry [100]. Other 3D Sphericity descriptors were also developed with
the advances in the 3D optical characterization techniques, e.g., Alshibli et al. [101] used
3D synchrotron microcomputed tomography to obtain 3D images of various soil particles
and proposed a new Sphericity index Isph = V / Vsph, where Vsph is the volume of a sphere
with a diameter equals to ds which is the shortest principal axis length of the particle that
passes through the center of particle mass.
Kong and Fonseca [102] proposed another volume-based Sphericity index similar to Isph
such that the maximum value of the index can be 1. Bullard and Garboczi [103] introduced
two 3D Roundness concepts: RW, a 3D analog of Wadell’s 2D Roundness, and Rn for a
simple 3D angularity measurement that accounts for the angle between the surface position
vector and the unit normal vector over the particle surface. Zhao and Wang [95] introduced
a 3D Roundness that considers the curvatures at all particle corners, which may be viewed
as another 3D interpretation of Wadell’s 2D Roundness. Cruz-Matías and others [42]
introduced a 3D Roundness index that considers the difference between the particle
morphology and the reference ellipsoid. Although these developed 3D descriptors
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contributed to a realistic measurement of the 3D particle morphology, the interrelation of
morphology to the other 3D geometry parameters was not considered.
3.1.2

Objective and Scope

Problem statement #1: Morphology is closely related to surface area, volume, and size,
as demonstrated with the examples in Figure 3.1, which therefore may be considered as a
set of ‘morphology parameters.’ If so, can we represent morphology M as a function of
surface area A, volume V, and size L instead of the conventional approach that
characterizes the morphology in terms of Sphericity and Roundness (that are independently
measured of surface area, volume, and size)? While the importance of characterizing the
individual contributions of Sphericity and Roundness to overall morphology is appreciated,
this study aims to address this new question as it would provide a new perspective that
unravels the ‘interrelation’ of the four geometry parameters, which has not been possible
with the conventional approach.
Previous research mostly considered particle morphology and size as the major parameters
that could influence the granular material behavior, for which the size was controlled in the
granular material specimens to study the morphology effect or the other way around.
However, it would be important to comprehensively address the four-dimensional aspects
(i.e., volume, surface area as well as morphology and size) of the 3D particle geometry to
better understand the particle geometry effect and enhance the predictive capability. For
example, if two particle models having different morphology are adopted in particle-based
simulations (e.g., discrete element method) to study the morphology effect on the granular
material behavior, the different volume and surface area may produce additional or
uncontrolled effects on top of the effect by different morphology if sizes are same (e.g.,
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Figure 3.1a). While previous studies on the granular materials mostly focused on particle
morphology or size effect, the volume of solid particles is also an important factor that
needs to be systematically considered as it is a major parameter that determines the granular
skeletal density. Furthermore, the particle surface area is another important factor, e.g., soil
plasticity is greatly influenced by the surface area [104], [105], and also plays a critical role
in the performance of cemented granular materials (e.g., concrete) due to its direct impact
on the quantity of bonding characteristics between particle surface and binding matrix
[14,67–69,106]. The previous studies commonly corroborated that the interface of particles
and binding matrix, known as the “interface transition zone (ITZ),” plays a critical role in
the load-transferring mechanism in the cemented granular materials and the quantity of
bonding characteristics at this ITZ is governed by the particle surface area. The authors in
elsewhere [106] demonstrated the particle surface area is a critical mediator correlating the
particle morphology with the mechanical performance of cemented granular materials due
to its direct impact on the bonding quantity at the ITZ.
Problem statement #2: Particles of different morphologies, if size is same, manifest
different volumes and surface areas. Previous research that focused on the particle
morphology effect on the granular material behavior adopted particles of different
morphology in the parametric study, but considering these particles also present different
volumes and surface areas, how can we conclude the different behavior is caused by the
different morphology only? Hypothetically speaking, different particle morphologies
having same volume, surface area, and size may need to be considered to understand the
morphology effect. However, it is implausible to have such particles as implied by the
examples in Figure 3.1 and unconvincing to control all four geometry parameters to

41

develop such particle models for discrete element analysis. Furthermore, particle volume
and surface area are also significant factors that affect the granular material behavior.
Therefore, it would be important to address the four-dimensional aspects of 3D particle
geometry to better understand the parameters’ combined influence on the granular material
behavior as it is hard to independently discuss the effect of one parameter from the others.
Comprehensive characterization of the particle geometry ‘distributions’ is a prerequisite to
better understand the causality between the particle geometry effect and the granular
material behavior. Previous research mostly focused on the morphology and size effect, for
which it was necessary to characterize at least three parameters, i.e., Sphericity, Roundness,
and size. A 3D scatter plot could be developed with data markers to describe the
distributions, i.e., each marker representing the geometry of a particle in 3D plot space,
where each axis refers to Sphericity, Roundness, and size. However, to the best of the
author’s knowledge, this approach has not been adopted in the engineering practice
possibly because a 3D scatter plot is difficult to interpret if looked at one viewpoint and is
not immediately obvious as multiple figures are required from different viewpoints for
better interpretation. Engineers, instead, have separately described the distributions in 2D
plot space to facilitate the data interpretation [48,52,107–110] as shown in Figure 3.2.
However, the geometry parameters are not cross-referenced with this approach, thus only
partial information is deliverable. For example, as illustrated in Figure 3.2, it is not possible
to find out the corresponding Sphericity or Roundness for a particle size of interest, and
vice versa.
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Figure 3.2. Separate description of particle size and morphology distributions.

Problem statement #3: As discussed above, it is already challenging to make a
comprehensive description of the geometry parameter distributions even for three
parameters without losing the valuable information regarding the parameters’ relations.
Along with the need of addressing the four-dimensional aspects of 3D particle geometry
enunciated with the problem statements #1 and #2, such comprehensive description may
be even more challenging with the four geometry parameters. This study aims to introduce
a new approach that can graphically preserve the four parameters’ relations when plotting
the parameter distributions in 2D plot spaces, which helps comprehensively describe the
four-dimensional aspects of 3D particle geometry.
To address the problem statement #1, this study introduces a new formula in Section 3.2
that can systematically quantify the interrelation of four 3D particle geometry parameters,
morphology M, surface area A, volume V, and size L. With the new formulation, a
parameter can be represented as a function of the other three, which enables to
comprehensively address the four-dimensional aspects of the 3D particle geometry on two
2D plot spaces. This plotting approach to address the problem statement #3 is discussed in
Section 3.3. The new formula and plotting method will help better understand the
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parameters’ combined influence on the behavior of granular materials (the problem
statement #2), which is demonstrated in Section 3.4.

3.2 Proposed Formula for the New Interpretation
This study leverages the fundamental geometric principle: ‘morphology is related to
surface-area-to-volume (A/V) ratio.’ An example is shown in Figure 3.3, where the A/V
ratios are compared for the five different particle models having a same unit volume. The
sphere has the smallest A/V ratio, which increases with more angular morphology. The
A/V ratio of a cube is 1.24 times higher than that of a sphere with the same volume. The
A/V ratio of a regular tetrahedron (which is more angular than the cube) is 1.49 times
higher than the sphere. The A/V ratio also increases with elongation. The A/V ratio of a
stretched tetrahedron in the figure is 1.65 times higher than the A/V ratio of the sphere with
the same volume (The length of three edges of stretched tetrahedron is 3.2 each, and the
length of the other edges is 1.5). With extreme angularity, the A/V ratio becomes
significantly larger than that of the sphere as shown for the great stellated dodecahedron in
the figure.
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Figure 3.3. Morphology related to surface-area-to-volume (A/V) ratio.
While the A/V ratio is related to particle morphology, it is critical to note that the ratio is
not constant for a given morphology because the value depends on the size as implied by
its unit, which is a reciprocal length (L2/L3 = L-1). Therefore, the A/V ratio is inversely
proportional to the size. For this reason, the product of A/V ratio and size turns out to be
an invariant for a given morphology, which therefore can be leveraged as a morphology
indicator. Building upon this concept, this study proposes a new formula (Equation 3.1)
that interprets the 3D particle morphology M as a function of the other geometry
parameters, i.e., surface area A, volume V, and size L:
M = (A/V×L) / (As/Vs×Ls) = (A/V×L) / 6

3.1

where the A/V ratio is multiplied by L for the scale-independent characterization of a given
particle morphology, which is unit-less. The subscript s in Equation 3.1 means sphere.
Therefore, M indicates the relative morphological irregularity compared to the sphere. The
A/V×L does not change for a given morphology and As/Vs×Ls (of sphere) is invariantly 6.
Therefore, the minimum possible value of M is clearly 1, and is higher than 1 for typical
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mineral grains. It is interesting to note that M is a size-independent parameter, although M
is expressed as a function of L (size).
Figure 3.4 demonstrates how the new formula is interpreted, in which three different
spheres (Figure 3.4c, d, and e) are scaled to match one of V, A, or L of the irregularly
shaped particle in Figure 3.4b (highlighted in gray). The 3D particle model of the irregular
morphology is a polyhedron with 10,374 triangular faces in its surface mesh, which is
developed from a mineral grain after 3D scanning using a photogrammetry technique
introduced in Zhang et al. [71]. A larger particle with the same irregular morphology is
also shown in Figure 3.4a, which is 1.5 times larger than the particle in Figure 3.4b by size.
The volume and surface area of the particles in Figure 3.4a and b are numerically obtained
from the developed 3D polyhedron model after scaling the size to 2.25 and 1.5 cm,
respectively.

Figure 3.4. 3D morphology (M) translated as A/V×L/6.
Following observations can be made: (i) Particle morphology is related to A/V ratio, thus
the irregular particle in Figure 3.4b has a higher A/V ratio compared to the sphere of the
same L in Figure 3.4c, (i.e., 7.28 cm-1 vs. 4 cm-1); (ii) Since the A/V ratio is inversely
proportional to the size, the A/V ratio increases while L decreases. For example, the A/V
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ratio of sphere in Figure 3.4e is larger by 1.5 times compared to that in Figure 3.4c (i.e., 6
cm-1 vs. 4 cm-1), while L is smaller by 1.5 times (i.e., 1.0 cm vs 1.5 cm). This principle also
holds true for the irregularly shaped particles (Figure 3.4a, and b): the A/V ratio increases
by 1.5 times from 4.85 to 7.28 cm-1 and L decreases by 1.5 times from 2.25 to 1.50 cm;
(iii) Therefore, the A/V×L values remain the same for each morphology regardless of the
sizes, i.e., 10.92 and 6.0; (iv) The A/V×L for any sphere is invariantly 6, thus the minimum
possible value of M is clearly 1. The example in Figure 3.4 demonstrates that the higher
the morphological irregularity is, the higher the M value becomes. This study witnesses
the maximum value of M is about 3 for typical mineral particles based on the Krumbein
and Sloss chart [111], which will be further discussed in Section 3.4.
With the new formulation M = A/V×L/6, if one knows A, V and L, then morphology can
be evaluated in terms of M. On the other hand, in previous studies on the granular materials,
the morphology was separately evaluated in addition to the information of A, V, and L.
The examples in Figure 3.1 can be systematically described by the proposed formula, M =
A/V×L/6, regarding how the other three parameters may change when one of the
parameters is kept constant. In addition, this formula explains the ‘unilateral’ relation
between morphology and size; it is clear that the change of M impacts A, V, and L values
from the formula, so change of M may change L (Figure 3.1b). However, the change of L
does not change M (Figure 3.1c), i.e., simply scaling of the particle size does not change
the morphology. The A/V ratio is linearly proportional to 1/L for a given morphology, so
the change of L is canceled out by the change of A/V, which makes M invariant of the size.
Therefore, the ‘unilateral’ relationship between morphology and size can be explained with
the new formula.
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3.3 Four-Dimensional Aspects in the 3D Geometry Parameter Distributions
3.3.1

M-A-V-L Approach for Comprehensive Description of the Parameter Distributions

The proposed formula, M = A/V×L/6, helps graphically preserve the relations of the four
3D particle geometry parameters when plotting the parameter distributions. This paper
demonstrates the approach with two 2D spaces, (i) L vs. M and (ii) A/V vs. V, where A/V
works as the messenger between the two spaces as A/V = M/L×6. Therefore, this approach
helps comprehensively address the four-dimensional aspects of the 3D particle geometry.
Two particle groups are numerically developed as below to demonstrate the efficacy of the
proposed approach:
(a) Mixed morphology group, where a total of 100 polyhedral particles are modeled with a
variety of morphology such that the evaluated M ranges between 1 and 3. In Figure 3.5,
the particle models are presented with the computed Sphericity, Roundness, and M. The
particle size ranges from 3 mm to 9 mm, which is also presented in the figure. The sizes
are deliberately controlled such that smaller particles tend to have a more irregular
morphology to distinguish the distribution from the group (b) below. It is worthwhile to
note that the relation between size and morphology in these synthetic particle models is
just for demonstration purpose, which does not imply smaller mineral particles in nature
have a more irregular morphology.
(b) Near-sphere group, where another 100 polyhedral particles are modeled to be nearspherical. The particle models are shown in Figure 3.6, for which the Sphericity,
Roundness, and M also are evaluated. The particle shapes in this group are all similar, so
the evaluated M is near-uniformly distributed and is close to 1. The sizes are randomly
selected between 3 mm and 9 mm, which are also shown in the figure. The geometry
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property values of the two groups of 100 particles are provided in Appendix A (Table A.1
and Table A.2).
A 2D image of each particle is used to analyze the conventional Sphericity and Roundness,
for which the orientation with the maximum 2D projection area is selected as it is the most
possible orientation when the particle is placed on a flat surface due to the higher stability
[112]. A Sphericity and Roundness analysis code by Zheng & Hryciw [41,113] is utilized
for the 2D image-based morphology analysis. A sample particle model is selected and
shown in the green circle in Figure 3.5, whose corresponding data points are marked in
Figure 3.7. The size of the sample particle is 5.886 mm, and the computed Regularity ρ
(i.e., average of 2D Sphericity and Roundness) is 0.3955 (thus 1/ρ is 2.528).
The parameter M measures the overall 3D morphology, while the conventional Sphericity
and Roundness quantify the 2D morphology at both the large and intermediate scales
respectively. While direct comparison may not be made as these are defined in different
dimensions, the M tends to increase with elongation and angularity (i.e., lower Sphericity
and lower Roundness) and vice versa. For example, the particle with a relatively high M
value (= 2.313) located at 6–1 (row # – column #) in Figure 3.5 has a low Sphericity and a
low Roundness. On the other hand, the particle with a low M value (= 1.064) located at 1–
10 in the same figure has a high Sphericity and a high Roundness.
There are particle models in Figure 3.5 and Figure 3.6 that have practically the same M
values although Sphericity and Roundness are different. For example, the particles located
at 1–1, 1–2, and 1–3 in Figure 3.5 have the practically same M values with the particles in
Figure 3.6 located at 6–6, 2–3, and 6–5 respectively. The three particle models in Figure
3.5 are more equidimensional and angular (i.e., higher Sphericity and lower Roundness)
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compared to the particle models in Figure 3.6 that are more elongated and round (i.e., lower
Sphericity and higher Roundness). Therefore, the compensating effect results in the same
M value that may be seen as a limitation, but which is necessarily not. This may be better
understood with analogy to Regularity ρ: Regularity is a function of Sphericity and
Roundness, so it is necessary to evaluate Sphericity and Roundness first (i.e., individual
morphology parameters) to estimate the Regularity. It is worthwhile to note that previous
studies demonstrated Regularity was a reasonable indicator of various soil mechanical
properties at both small and large strain levels [6,9] and facilitated the data interpretation
as it is a single measure of overall morphology. Although the compensating effect may
result in same ρ value, the individual contributions of Sphericity and Roundness can be
analyzed as the data is already available. Likewise, M is a function of A, V, and L, which
can be considered as individual morphology parameters. The A, V, and L need to be
evaluated first to estimate M. Although the compensating effect may result in same M
value, analogous to Sphericity and Roundness to the Regularity, the individual
contributions of the three parameters (i.e., A, V, and L) to M can be assessed. For example,
although particle 1–2 in Figure 3.5 has the same M value as that of particle 2–3 in Figure
3.6, these two particles have different A, V, and L values from each other: the A, V, and L
values of particle 1–2 (Figure 3.5) are 214.14 mm2, 280.71 mm3, and 8.719 mm,
respectively, which are different from those of particle 2–3 (Figure 3.6), 178.87 mm2,
221.99 mm3, and 8.262 mm.
It is also interesting to see the differences in Roundness between these particles are larger
than those in Sphericity, e.g., the Roundness values of 1–2 in Figure 3.5 and 2–3 in Figure
3.6 are 0.321 and 0.858, while the Sphericity values are 0.977 and 0.879. As discussed in
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Chapter 1, the local angularity characterizes the morphology feature that is smaller than
the global form by one order of magnitude. Therefore, M appears to reasonably reflect the
different contributions of morphology factors at different length scales. It however does
not mean M underestimates the local angularity, as M value can be significantly high with
the local angularity only. For example, the great stellated dodecahedron in Figure 3.3 is not
elongated but angular, and its M value is 5.33, which is very high.
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Figure 3.5. Particle models of mixed morphology group evaluated with Sphericity,
Roundness, and proposed M values. The size L is shown next to M. The particle in the
green circle is selected as a sample particle for the demonstration of interrelation of
geometry parameters (See Figure 3.7).
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Figure 3.6. Particle models of near-sphere group evaluated with Sphericity, Roundness,
and proposed M values. The size L is also presented next to M.
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R2=0.9975
R2=0.9999

Figure 3.7. Description of the distributions of the ‘interrelated’ particle geometry
parameters, where the parameter values of the sample particle (selected in Figure 3.5) are
marked with green circle symbols; (a) Morphology distribution using conventional
Sphericity and Roundness; (b) Particle size distributions for mixed morphology and nearsphere groups evaluated in terms of particle number and volume, respectively; (c)
Combined description of M and size L; (d) Combined description of A/V ratio and V; (e)
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Distributions of A/V ratios evaluated in terms of particle number and volume, respectively;
(f) Distributions of M by volume.
Figure 3.7 demonstrates how the proposed formula, M = A/V×L/6, can be used to
comprehensively describe the evaluated particle geometry parameters for the two synthetic
particle groups in Figure 3.5 and Figure 3.6. The evaluated Sphericity and Roundness are
plotted in Figure 3.7a. The data points for the mixed morphology group are spread over the
space due to the variety of morphology, while those of the near-sphere group are
concentrated in the upper-right corner due to the overall narrow range of morphology
values with near-equidimensional and round shapes. Figure 3.7b shows the particle size
distributions of the two groups that are evaluated by both the number and volume of
particles shown in terms of the cumulative percentage. The size distributions by the number
of particles are overall close to each other. However, the difference is more apparent in the
distributions if evaluated by the volume because the particles in near-sphere group have
higher volume compared to the irregularly shaped particle of same size in the other group.
This can be explained by the example in Figure 3.4, where the volume of sphere in Figure
3.4c is higher compared to the irregularly shaped particle of the same size in Figure 3.4b.
The relations of geometry parameters in the distributions can be effectively described by
using two 2D plots: a plot presenting L vs. M (Figure 3.7c). This plot can relate M and L
to A/V, because M/L = A/V×1/6; another plot presenting the combined A/V vs. V
distribution (Figure 3.7d), where the surface area A can be retrieved by A/V×V. Therefore,
M-A-V-L approach can be used to comprehensively describe the distributions of the four
3D particle geometry parameters, whereby the relations of parameters are graphically
contained in these two 2D plots.
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The L vs. M distributions are shown in Figure 3.7c for both mixed morphology and nearsphere groups. The morphology is also evaluated by Regularity ρ. The inverse of
Regularity (1/ρ) is used for consistent comparison against M because a higher ρ represents
near-equidimensional and round shape, while a higher M represents the opposite. Figure
3.7c is a way that can combine the information from Figure 3.7a and b that are conventional
characterization approach that presents morphology and size distributions separately,
which therefore makes it hard to examine the relation of those. On the other hand, Figure
3.7c combines both information in a single plot which facilitates the data interpretation,
e.g., which clearly shows the relation between morphology and size in the mixed
morphology group, i.e., the smaller the size is, the more irregular the morphology is.
Despite the similar trend for both plots using M and 1/ρ, there is more data scatter in the
1/ρ plot. This scatter is possibly due to the inaccuracy associated with the 2D
characterization of 3D particle morphology, and the characteristic of the reciprocal
function 1/ρ, as 1/ρ nonlinearly increases as ρ gets smaller for low Sphericity and low
Roundness. Figure 3.7c also depicts the overall similar particle morphology distributions
on the near-sphere group with M~1 and 1/ρ~1, i.e., close to the minimum possible value
for both descriptors. The plots shown in Figure 3.7c may be represented by probabilistic
density distributions if the Z-axis is used to indicate the density of data.
The A/V vs. V distributions are shown in Figure 3.7d. The data in Figure 3.7c can be crossreferenced to the A/V ratio in Figure 3.7d as A/V = M/L×6. For example, M/L =
1.848/5.886 mm for the sample particle from Figure 3.7c, thus the A/V ratio can be
computed to 1.883 mm-1 (= M/L×6). The volume V of the sample particle then can be
found in Figure 3.7d, which is 32.129 mm3. The surface area A then can be estimated by
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A/V×V, which is 60.5 mm2 (=1.883 mm-1×32.129 mm3). Therefore, once two plots that
represent (i) L vs. M and (ii) A/V vs. V distributions are provided, the four-geometry
information (M, A, V, and L) can be retrieved for every single particle. In other words, the
individual contributions of A, V, and L (as the morphology parameters) to M can be
retrieved by using this approach. Regularity ρ also represents the single measure of
morphology like M. However, if ρ is used in the place of M, it is not possible to crossreference the data between the (i) L vs. ρ and (ii) A/V vs. V plots, so retrieval of the
complete four geometry information is not feasible.
3.3.2

Power Law Relation between A/V and V

Interestingly, the A/V and V in Figure 3.7d show a linear relation in log-log scale, which
can be approximated by a ‘power law’. The relation of A/V and V for the mixed
morphology group can be approximated to V = (A/V)-2.64×129.66, and then to log(V) = 2.64×log(A/V) + log(129.66). The fitted line is shown with a slope of -2.64 in the log-log
space, and the equation can be reformulated to log(V) = 1.61×log(A) – 1.29, which directly
relates V with A. Using A/V = M/L×6 relation, the power function can be also formulated
to log(V) = -2.64×log(M) + 2.64×log(L) + 0.06, which interrelates V, M, and L. Similarly,
the data for the near-sphere group can be also fitted to V = (A/V)-2.99×116.26 and can be
further formulated to find the other relations.
Considering the general relation between V and A for any geometry can be expressed as V
= A3/2×λ, where λ is a geometry constant, the relation between V and A/V can be
formulated to V = (A/V)-3×β, where β = 1/λ2. Therefore, the power value of the A/V and
V relation is invariantly -3 for a group of particles with an identical morphology. For
example, the power value is identically -3 for each group of spheres, cubes, tetrahedra or
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whatever morphology as far as all particles in the group have a same look. (The particles
in the group, of course, will be in different sizes, otherwise the A/V and V relation will be
plotted single data point in the 2D plot space). If the relation between V and A/V of
particles in a group can be generalized to V = (A/V)α×β, any deviation of the α value from
-3 can indicate the degree of morphological heterogeneity of a given particle group. For
example, the α value of the near-sphere group is -2.99, which is practically -3, because the
morphology in that group is nearly identical. On the other hand, the α value of the mixed
morphology group is -2.64, and the farther deviation from -3 indicates a broader spectrum
of morphology in the particle group.
The β values can be analytically defined for some known geometries, e.g., V = (A/V)-3×36π
for a sphere, where the β value is 36π (~113.10). The β values of icosahedron, cube, and
tetrahedron are 136.46, 216, and 374.12 respectively, which increases with geometric
angularity. Therefore, the β value (i.e., the intercept in the log-log space) may imply a
characteristic of the representative morphology for a given particle group. It is noted that
the β value of near-sphere group is 116.26 which is close to that of a group of spheres (i.e.,
113.10), and the β value of mixed morphology group is 129.66, which is higher than that
of the near-sphere group. While further investigation of these α and β values defined in the
A/V and V space is beyond the scope of this study and left for future research, the α value
may imply the morphological heterogeneity and the β value may give a hint of the
representative particle morphology in particle group, which will provide another
interesting interpretation to the characterization of geometry parameter distribution.
The A/V distributions are evaluated by both the number and volume of particles and plotted
in terms of the cumulative percentage in Figure 3.7e. The sample particle’s corresponding
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cumulative percentages are marked in green in Figure 3.7e. Both plots by the number and
volume of the particles depict that the near-sphere group maintains a higher cumulative
percentage given an A/V ratio, in other words, a lower A/V ratio given a cumulative
percentage. This is because the particle morphology in the near-sphere group is nearequidimensional and round, which makes the A/V ratio smaller, so the A/V plots are
located on the left of those of mixed morphology group. Compared to the cumulative
percentages by the number, the difference in the plots by the volume is much smaller,
because the small particles in the mixed morphology group have a higher irregularity thus
a higher A/V, while the large particles in both groups have overall similar morphology.
Therefore, Figure 3.7e shows the cumulative percentages by the volume are similar up to
60%. This is supported by Figure 3.7f, where the M distributions are shown in terms of
cumulative percentage by the volume. As shown in Figure 3.7f, the M distributions
between the two groups are overall comparable up to 60%, meaning 60% of particles by
volume have a similar morphology.

3.4 Experimental Demonstration of Predictive Capability
3.4.1

Specimen Preparation for Laboratory Direct Shear Test

Experimental study is performed to demonstrate the predictive capability of the proposed
formula to estimate the influence of particle geometry. A set of 3D particle models are
developed and 3D-printed for use in the direct shear test instead of using mineral particles
to explicitly control the geometry parameters. The Krumbein and Sloss chart (Figure 3.8a)
is referenced as the particle image library that is evaluated in terms of Sphericity and
Roundness. Particles are numbered in ‘row # – column #’ format for convenience. The far
different four morphologies at the corners in the chart, i.e., 1-1, 1-5, 4-1, and 4-5, are
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selected for the 3D particle development. The Fourier descriptor-based modeling technique
using solid of revolution, morphing and stretching is used to generate a realistic 3D particle
model from the 2D cross-sectional images [114]. The developed 3D models are shown in
Figure 3.8b with the evaluated M for each model.
The particle 4-1 is the most irregular among the four morphologies and therefore has the
highest M value of 2.71. The irregularity evaluated by M (3D descriptor) is in order of 4-1
> 4-5 > 1-1 > 1-5 (i.e., M = 2.71 > 1.96 > 1.36 > 1.08). Regularity ρ (2D descriptor) is also
evaluated, and 1/ρ is shown in the figure. The irregularity evaluated by 1/ρ is in the order
of 4-1 > 1-1 > 4-5 > 1-5. Both M and 1/ρ estimate the particle 4-1 is the most irregular, and
1-5 is the opposite. However, the order of 1-1 and 4-5 is different. It appears that 1/ρ
estimates the contribution of the particle 1-1’s angularity (at the intermediate scale) is
higher than the particle 4-5’s elongation (at the global scale), while M estimates the
contribution of the particle 4-5’s elongation is higher. The Krumbein and Sloss chart
represents a spectrum of mineral particle morphologies. Therefore, it is anticipated that the
upper bound of M value for the mineral particles is about 3, which indicates a highly
irregular morphology that may exist in nature.
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Figure 3.8. Development of 3D particle models and 3D printed particles; (a) Representative
2D morphology of typical mineral particles evaluated in terms of Sphericity and
Roundness, modified from Krumbein and Sloss [111]; (b) Developed 3D particle models,
and the quantified morphology and the inverse of Regularity; (c) 3D printed particles of
the four models; (d) Direct shear test setup.
The developed 3D particle models are then 3D printed (Figure 3.8c) for laboratory direct
shear test (Figure 3.8d). Form 1+ Stereolithography (SLA) printer is used for the 3D
printing [115]. Particles are printed in 50 microns of layer thickness. Therefore, the surface
texture of printed particles is controlled because the particles are printed using the same
material at the same printing resolution. The compressive strength and the elastic modulus
of the printed objects utilizing the Formlabs resin are reported in Watters and Bernhardt
[116] and Zguris [117], which are roughly comparable to those of Florida limestone [118].
The cylindrical shear box size is 63.5 mm (2.5 in) in diameter × 37 mm (1.5 in) high. Each
particle model is scaled to have the same volume (11.67 mm3) such that a same number of
particles can be considered per test specimen.
Each specimen of particles 1-1, 1-5, 4-1, and 4-5 is uniformly graded, i.e., composed of
identical particles of same morphology, volume, surface area, and size. The initial void
ratio is controlled to about 0.73 for the testing. The evaluated geometry of all four
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specimens are shown in Figure 3.9, where the evaluated 1/ρ is also plotted for comparison.
As the four particle models are controlled to have the same volume (11.67 mm3), it is
obvious that the particle size increases with the morphological elongation and angularity.
Consequently, the near-spherical particle 1-5 is the smallest as 3.05 mm, while the most
irregular particle 4-1 is the largest as 5.97 mm. Therefore, M and L increase together in the
order of 1-5, 1-1, 4-5, and 4-1 as shown in Figure 3.9a. A similar tendency is shown for
1/ρ except for the particle 4-5 that is out of the trend, i.e., 1/ρ decreases while L increases.
Figure 3.9b depicts the combined description of A/V and V, where the same trend is
observed in order of 4-1 > 4-5 > 1-1 > 1-5 from the largest A/V. Likewise, the same order
is estimated for the surface area A because all particles have the same V. Considering the
trend in the evaluated M and the other geometry parameters in order of 4-1 > 4-5 > 1-1 >
1-5, the same trend of the mechanical performance such as shear strength and modulus is
anticipated from the laboratory test.
Table 3.1 shows the maximum and minimum void ratios that can be obtained for the four
specimens. The particles are poured in a circular motion using a funnel onto the shear box,
and tamped in layers if necessary, to achieve the initial void ratio through trial and error
process. The deposition of particles is randomly done, so the specimens’ fabric is not
controlled. The corresponding relative densities for the void ratio of 0.73 are also
summarized in the table. While the initial void ratios of all specimens are controlled to be
the same, particle 4-1 is relatively dense, and the other particles are relatively loose. The
adopted particle sizes conform to the requirement of ASTM D3080/D3080M [119]. The
specimens are tested at four different normal stresses, 40.5, 102.5, 164.4, and 226.4 kPa.
The rate of shear is maintained at 1 mm/min.
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Figure 3.9. Evaluated geometry parameters for the four particle specimens; (a) Description
of morphology and size using M and L as well as 1/ρ and L; (b) Description of A/V ratio
and V.
Table 3.1. Ranges of void ratio for each specimen and the relative densities Dr for the void
ratio e = 0.73
Particle
#
1-1
4-1

3.4.2

emin

emax

Dr (%)

0.58
0.70

0.73
0.87

~0.00
82.35

Particle
#
1-5
4-5

emin

emax

Dr (%)

0.62
0.59

0.76
0.73

21.42
~0.00

Test Results and Discussions

Each test is repeated three times, from which average response is obtained to eliminate the
influence of initial particle arrangements [47,120]. No significant particle breakage or
deformation is found at the end of tests, but some particle corners are chipped off.
Therefore, the specimens are inspected after each test, and the chipped particles are
replaced with new ones. Figure 3.10a-h show the average responses of shear stress and
vertical displacement at the four different normal stresses. Data from each individual test
is provided in Appendix B. While limited stick-slip fluctuation is shown in the test, the
observed mechanical behavior is overall consistent in order of 4-1 > 4-5 > 1-1 > 1-5 from
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the highest to the lowest shear strength and modulus as shown in Figure 3.10a-d. The
friction angles evaluated from the shear stress responses are shown in Figure 3.11, which
clearly shows the strengths in the order.
A similar trend is shown for the vertical displacement in Figure 3.10e-h with the specimen
of 4-1 showing the highest rate of dilation. The nature of specimen 4-1’s vertical
displacement is also different from the other specimens: the vertical displacement of 4-1
increases continuously while the responses of other specimens are relatively flattened out.
The difference in the displacements is possibly attributed to the different relative densities
of the specimens as shown in Table 3.1. A higher range of void ratio is typically obtained
with higher particle irregularity as broadly evidenced in the literature [6,121,122]. Despite
the initial void ratio in all specimens controlled to 0.73, it is observed the relative density
of specimen 4-1 is about 82% (i.e. relatively dense), while those of the other specimens are
less than 21% (i.e., relatively loose). Therefore, the specimen 4-1 is able to continuously
dilate while being sheared. The dilation angles are shown in Figure 3.12, which are
computed based on the vertical and horizontal incremental displacements at the peak
strength state. A trend of higher dilation is also shown in the same order of 4-1 > 4-5 > 11 > 1-5.
The test result demonstrates that the proposed approach can reasonably relate the particle
scale information to the macroscopic mechanical property by its order and corroborates its
predictive capability to estimate the influence of particle geometry effect. All the particles
used in this study pass through 4 mm sieve and are retained in 2 mm sieve. The
conventional Unified Soil Classification System classifies the coarse-grained particles in
terms of particle size only using the sieves, thereby the specimens in this study are
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classified as a same soil despite the significant differences shown in the test results. This
research finding indicates the current specification remains to be significantly improved
for enhanced soil classification.
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Figure 3.10. Direct shear test result: stress-strain curves and vertical displacements
obtained at four different normal stresses (40.5, 102.5, 164.4, and 226.4 kPa); where the
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stress-strain curve in (a) to (d) is normalized by τmax*, maximum shear stress obtained from
the specimen 4-1.

R2=0.994
R2=0.996
R2=0.998
R2=0.999

Figure 3.11. Friction angles evaluated from the fitting lines of shear strengths.

Figure 3.12. Dilation angles evaluated at the peak strength state.

3.5 Concluding Remarks
This study proposes a new formula, M = A/V×L/6, that interprets the 3D particle
morphology M as a function of the other geometry parameters, i.e., surface area A, volume
V, and size L. Therefore, this MArVeLously simple formula clearly unravels the
interrelation of M-A-V-L by considering A, V, and L as a set of ‘morphology parameters.’
This approach enables to conduct straightforward 3D particle morphology characterization
using the simple formula. If one knows A, V and L, then morphology can be evaluated in
terms of M, which is much easier than conventional approach that separately evaluated the
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morphology in addition to the information of A, V, and L. With the new formula, it is
possible to comprehensively describe the four-dimensional aspects of the 3D particle
geometry parameters in 2D plot spaces where the individual contributions of A, V, and L
(as the morphology parameters) to M can be retrieved. Therefore, this approach is
complementary to the conventional approach as it helps to consider the four geometry
parameters’ combined influence on the behavior of granular materials. This study will
contribute to enhance the predictive capability, effective aggregate quality control and
proactive planning for the optimal maintenance in the field of transportation geotechnics.
A challenge of applying the proposed approach to the engineering practice may be
concerned with measuring the surface area of mineral grains. This measurement can be
performed by using the 3D optical characterization techniques such as photogrammetry.
Notwithstanding such techniques are computationally expensive at the moment, the
proposed approach is sustainable in the sense that the 3D optical characterization
techniques become more accessible and affordable with newer generations of imaging
equipment and the advances in image processing algorithms.
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4

A NEW FRAMEWORK TO ESTIMATE THE COARSE AGGREGATE 3D
GEOMETRY USING OPTICAL GEO-CHARACTERIZATION

4.1 Introduction
4.1.1

Background

The comprehension and analysis of 3-dimensionality of particle geometry is a complex
phenomenon and have been a challenge for both academic and practitioner communities
for a long time. Particle 3D analysis was first made possible with the invention of X-Ray
Computed Tomography (XRCT). XRCT uses X-ray absorption by the object to accurately
describe its 3D volume map. It is the fastest method as several touching particles can be
scanned together. It generates a detailed volume mesh where other scanning techniques
(such as laser scanning, photogrammetry etc.) only provide a surface mesh. This is also
useful in detecting any void inside of the particle. XRCT has been used extensively to
investigate the particle morphology, grain packing, in-situ movement of grains during
shearing, particle breakage, strain localization of shear band etc. [8,9,123].
XRCT gives 3D voxel-based volume mesh which requires complex 3D analysis using
sophisticated mathematical methods such as Fourier series or spherical harmonics analysis
[55,56,124] to convert them to polyhedron surface meshes. Due to computationally
expensive mesh generation, requirement of heavy and expensive machinery and lack of
portability, XRCT technique is far too complicated for field adaptability. For this reason,
simplified analysis using 2D images has gained much more popularity even though they
do not accurately describe the particle geometry. The most common method of 2D
geometric analysis is to take particle images with even lighting and monochromatic
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background in either static or dynamic method [49,125]. In static method particles are
placed on a stationary tray [41] and in dynamic method particles are placed on a conveyor
belt [126] or poured in a chamber with camera arrangement [54]. After the images are
captured, the particle outline is extracted using different image analysis techniques. This
boundary information is used to compute different geometric properties such as area,
perimeter, maximum size, convex hull etc. One of the disadvantages of these methods is
their 2D nature. When the particles are placed on a tray, only the most stable face is visible
from top. This one projection may not be representative and could be with complete
disagreement with other projections. For example, two of the three major perpendicular
projections of an ellipsoid are ellipses but the third one is a circle. Also, these 2D definitions
cannot be directly extended to 3D, for example, 3D roundness is not well defined. Another
major disadvantage is separate characterization of size and morphology where valuable
information is lost regarding how they are interrelated.
This dissertation proposes M-A-V-L concept which is based on the interrelation between
different geometry components. As shown in Chapter 3, M-A-V-L systematically
characterizes 3D particle geometry while providing accurate correlation with macro-scale
shear strength properties. The practical implementation of this method involves obtaining
particle geometry information. With the advancement in optical geo-characterization and
leveraging the endless capability of modern computers, it is easy to obtain a complete 3D
model of any object by 3D scanning. In this study, particle 3D scanning is leveraged as a
suitable alternative to traditional methods of measurement such as caliper measurement
and 2D image processing.
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There are several technologies available for 3D scanning with their own advantages and
disadvantages. The most sophisticated and expensive one being XRCT [55,56] as
mentioned earlier. It is most suitable for scanning microscopic sand sized particles where
most other 3D scanning techniques fail. However, very large size boulder particles cannot
be scanned by this method due to limitation in equipment dimension. In laser triangulation
3D scanning method, a point or line source of laser is emitted [127]. As the laser hits the
object the reflected laser is captured by a sensor located inside the scanner. Based on the
angle of the reflected laser the accurate location of the point in the object is determined. A
complete 3D point cloud of the object is obtained once all the points have been successfully
captured.
A structured light scanner (SLS) projects a set of DLP (digital light processing) patterns on
the object and cameras mounted at specific distances captures those patterns [108]. 3D
meshes are generated depending on the distortion of the light patterns by the object. SL
scanners are reportedly faster and more efficient in capturing intricate details than laser
triangulation scanners. Photogrammetry method of scanning particles is gaining popularity
because it only requires a camera (including smartphone camera) and some free software
[57,100]. This method consists of taking multiple pictures of an object from all possible
latitude and elevation. The photogrammetry software finds overlapping points from 2 or
more photos and determines its coordinates. Clearly, more number of photos will enhance
the quality of the scanned model. This method is cost effective and can be used to scan
particles on site. This can be used on large-size particles which are difficult to be
transported to laboratory set up. Although photogrammetry is not suitable for scanning
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microscopic particles due to limitation in camera capability, the present study shows that
it can be easily used to scan up to ~20 mm particle.
4.1.2

Objective and Scope

The objective of this study is to investigate if the power law relationship in M-A-V-L holds
true for naturally occurring mineral particle geometry as observed theoretically in Chapter
3. This essentially requires scanning particle 3D geometry to obtain A, V and L
information. In this study, a set of mineral particles have been 3D scanned using highly
accurate SL 3D scanner. Then a subset of these particles is scanned using cost effective
photogrammetry technique. Since SL scanner is calibrated using actual length dimensions,
the scanned models are automatically scaled to the actual size of the particles, i.e. the ratio
of scanned model to real object is 1:1 [128]. Hence the geometry data such as volume and
surface-area-to-volume-ratio obtained in this method is directly used to obtain the power
law function using M-A-V-L concept. But photogrammetry 3D models are not scaled to
real size, as a result the size information is lost in the photogrammetry models. Hence the
sizes of the actual particles are measured using a caliper and the models are scaled to match
the caliper-measured size. Then V and A/V information is extracted to obtain the power
law equation. A comparison of these two methods is provided with their advantages and
disadvantages. Finally, an additional set of 8 particles are scanned to validate the obtained
power law equation. These 8 particles set are deliberately chosen from different size groups
in order to validate the power law across different size.
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4.2 Particle Sampling and Scanning using SL scanner
4.2.1

Particle Sampling

A set of 60 crushed Florida limestone particles are randomly sampled. The set is comprised
of particle from 2 different size groups: large ASTM #4 (sieve size 19 mm to 37.5 mm)
and intermediate ASTM #57 (sieve size 4.75 mm to 25 mm) [129]. Different sizes were
chosen to demonstrate the capability of the scanner to scan both large and small size
particles. Figure 4.1 shows the photo of 60 particles scanned using SL scanning. The
particles have extremely irregular surface features, the surfaces are whitish, matte and not
reflective. Previous studies [100,127] have focused on scanning granite aggregates having
a colored texture with high contrast, less surface pores which are believed to have acted
favorably towards the success of the scanning method. On the other hand, Florida limestone
has monochromatic, matte, white texture with porous surface which is less reported in
literature and hence chosen in this study.
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Figure 4.1. 60 particles used in SL scanning.

4.2.2

SL Scanning

For this study, an HP 3D Structured Light Scanner Pro S3 is used. It uses a high-resolution
dual camera set up and a projector mounted on an aluminum sliding rail along with an
automatic turntable capable of 360-degree rotation. The instrumental set up is shown in
Figure 4.2. Below are the steps followed to set-up and scan the particles:
The projectors and both the cameras are mounted on the sliding rail. The camera is set
approximately at an angle of 20o with the projector. The particle is placed on the turntable
and projector is turned on and focused so that the striped DLP patterns on the object are
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not blurred. Both the cameras are slid and rotated to position along the sliding rail to have
the object in view. The camera focal length is adjusted such that the object is clearly visible
in the camera view screen. The object is then removed, and the calibration board is
positioned in place of the object. 60 mm scale is used for calibration of the 60 particles in
this study. A checker board pattern appeared on the calibration board after successful
calibration. This calibration using actual dimensions enables the scanner to capture the real
size of the object.
After calibration is performed, the calibration board is replaced with particle. Particles are
placed on the tip of a needle bed in order to capture entire surface features (Figure 4.3a).
Particles are rotated a full 360 degrees with scanning taking place at every 10 degrees, i.e.
a total 36 scans from 36 different angles are captured. These 36 scans are fused together
using the HP 3D Scan 5 software to make a single object. A resolution of 500 (no unit) was
selected for all particles which means that the distance between two vertices of each particle
scan were ~0.5-0.25% of the size of the particle. Selection of this value of resolution limits
the scan file size to ~250-450 MB per particle. Selecting a higher resolution value (>500)
makes the distance between the vertices smaller resulting in a finer mesh and a larger file
size. But this has no significant impact on the surface area, volume and size of the particle.
The cost of the entire scanning device kit is around $6950. The reported measurable size
range for this scanner is ~10-600 mm with the camera resolution of 1920x1200 HD. The
scanning resolution is ~0.05% of the scanned object size.
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Figure 4.2. HP SL Scanner Setup.
Since the particles are very irregular in shape, in order to verify that the scanned models
correspond to the real particle in dimension and the measured values are correct, a ball
(Figure 4.3a and b) which has regular shape and known dimensions is scanned. The
dimensions of the ball are measured in 3 perpendicular directions using a caliper and
validated against the measurement obtained from the scanned 3D model. These two
measured values are found to match closely with each other. Hence the scanned models are
dimensionally proportional to the real particles.
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(a)

(b)

Figure 4.3. Scanning a regular shaped object in order to validate the dimensional
proportionality: a) the ball mounted on the turntable by a needle arrangement; and b)
scanned 3D-model of the ball.

4.3 Scanning Particles using Photogrammetry
30 particles out of the 60 particles originally scanned in SL scanning method has been
scanned using photogrammetry method. An affordable digital camera, Nikon Coolpix
S6300 (16-megapixel resolution) with a 10× optical zoom Nikkor lens is adopted for the
3D imaging of the sampled particles. Lee et al. (2019) tested the sensitivity of the evaluated
particle morphology to the camera resolution. They concluded overall good comparison
was found up to 5% of difference in the evaluated morphology obtained from photos taken
using 8, 12, and 24-megapixel cameras, which corroborates the use of 16-megapixel
resolution is a reasonable choice. Each particle is mounted on an arrangement of 4 needles
to also scan the particle’s bottom (Figure 4.4a). Photos are taken in a normal office room
setting with regular ceiling lights and background. A total of 240 photos (4608×3456
pixels) are taken for each particle from different orientations (Figure 4.4b). The particle
and the surrounding background remain stationary during the 3D imaging. The 240 images
are taken to make sure the local details of surface morphology can be captured, in
particular, for the small to intermediate (ASTM #57) aggregates. The photos are also taken
such that some significant overlap can be made in the background to better stitch the images
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during the photogrammetry reconstruction. It takes about 15 mins to capture the 240
photos, and about a day to complete the 3D imaging of all 30 particles.
All the photos are then fed to photogrammetry software for 3D reconstruction of particle
geometry, for which this project adopts VisualSFM, freeware using the structure from
motion photogrammetry technique [130]. VisualSFM first performs a series of pairwise
photo matching to identify overlap in the loaded photos followed by the sparse 3D
reconstruction (Figure 4.4c). Then the CMVS package, an add-on to VisualSFM, is used
to perform the dense reconstruction (Figure 4.4d) from which dense point cloud is
generated [131]. Lastly, high-fidelity 3D particle model is developed with surface mesh
based on the point cloud (Figure 4.4e), for which this study adopts MeshLab, an open
source 3D mesh processing system equipped with a set of surface reconstruction algorithms
[132]. The Poisson surface reconstruction is selected among the built-in algorithms, which
provides a high degree of modeling fidelity over the reconstructed surface [133].
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(a)

(b)

(c)

(d)

(e)

Figure 4.4. 3D imaging and photogrammetry reconstruction of a particle: (a) Particle sitting
on the arrangement of 4 needles; (b) 240 photos taken around the particle; (c) Sparse
reconstruction; (d) Dense reconstruction; (e) Generated 3D particle geometry.

4.4 Measurement of the Geometric Properties from the Reconstructed 3D Particles
The 3D models obtained in SL scanning are shown in Figure 4.5. These 3D models are
automatically in the same scale as the real particles. The reconstructed 3D particles using
photogrammetry method are shown in Figure 4.6. In photogrammetry technique, the actual
scale information is lost. Hence, particles scanned using this method is scaled to match the
volume of the corresponding SL scanned models. Then surface area and size are obtained
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from the scaled 3D models. To obtain volume and surface area, Blender 3D-printing addon has been used [134]. Size is measured in terms of the diameter of the circumscribing
sphere, which is computed using a Matlab code [135].

Figure 4.5. 60 particles 3D models scanned using SL 3D scanner.
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Figure 4.6. Reconstructed 3D particle geometry based on 240 photos each using
photogrammetry method.

4.5 Comparison of Power Law Functions Obtained from the 2 Scanning
Techniques
The geometry information obtained from the 3D models can be used to obtain the power
law relationship. The log-log scale plot for V vs. A/V for 60 particles scanned in SL scan
method and 30 particles scanned in photogrammetry method are shown in Figure 4.7a. As
expected, the relationship between V and A/V of the particles is shown as a straight line in
the log-log space. The equation of power law function obtained from 60 SL scanned
particles is V = (A/V)-3.177×180.46 and the equation of the same obtained from 30
photogrammetry scanned particles is V = (A/V)-3.167×162.33. The coefficient of
determination for SL scanned samples is 0.99277 and for photogrammetry scanned
samples is 0.992198, they are basically comparable. The α and β values (introduced in
Chapter 3) for the limestone particles are 3.18 and 180.46 (using SL scanning) respectively.
α=3.18 indicates that the distribution is not morphologically homogeneous and β = 180.46
indicates that the representative morphology is between icosahedron and cube. Figure 4.7b
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shows the morphology vs size plot for M values obtained in these two different scanning
techniques. Here photogrammetry scanned particles are scaled to have the same volume as
the SL scanned particles as mentioned previously. Figure 4.7 gives the inter-related 2D
morphology space. Different geometry property values for 60 SL scanned particles and 30
photogrammetry scanned particles are provided in Appendix C, Table C.1.

(a)

(b)

Figure 4.7. (a) V vs. A/V plot for 60 particles scanned using SL scanning method and for
30 particles scanned using photogrammetry method; (b) M vs L plot for 60 particles
scanned using SL scan and 30 particles scanned using photogrammetry.

4.6 Validation of Power Law from SL Scanning and from Photogrammetry
The power law fit curve is the key for estimation of A/V from V. Another set of 8 particles
is selected for validation from the same limestone aggregate batch where the 60 particles
were sampled (Figure 4.8). The size of 7 out of the additional 8 particles is <10 mm and
one is ~95 mm. Different size for validation particles are deliberately chosen to investigate
the accuracy of the power law function for smaller sized particles the scanning of which is
more difficult using surface scanning method. Figure 4.9a shows the actual V vs. A/V plot
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of the 8 particles, obtained from the SL scanning of the 8 particles. Using these V values,
A/V is also estimated from the two power law equations. A good comparison is shown
with the estimated A/V ratios in both scanning methods, which also corroborates the power
law relationship across the sizes. Figure 4.9b shows the M vs. L plot differentiating the size
and morphology of the 7 small particles and 1 large particle. Table 4.1 shows the estimated
and measured A/V values of the 8 particles, where a good comparison is also shown. The %
difference in the measured A/V values and the estimated A/V values leveraging the two
power law equations is small and ~5%. This shows the fidelity of using the power law
equation to estimate A/V from only V. This significantly reduces the scanning effort as
particle volume can be measured indirectly e.g. using particle weight and specific gravity.
In this study, SL scanned data have been leveraged to scale the photogrammetry models.
In order to use photogrammetry alone, the size of each individual particle has to be
measured using a caliper and the scanned models can then be scaled to the measured size.
Geometry data for 8 additionally sampled particles are provided in Appendix C, Table C.2.
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(a)

(b)

Figure 4.8. A set of 8 additionally sampled particles for validation of the power law relation
between A/V and V of the Florida limestone aggregate: (a) Photo of the 8 particles; (b)
Digitalized 3D particles obtained from the structured light scanning.
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(a)

(b)

Figure 4.9. Validation of power law equation using 8 additionally sampled particles: (a) V
vs A/V data obtained from SL scanning plotted along with power law functions obtained
in SL scan sampling and photogrammetry sampling; (b) plot of M vs. L.
Table 4.1. Validation of power law equations using SL scan of 8 additionally sampled
particles.

Particle
#

V from SL
Scanning
(mm3)

A/V from
SL
Scanning
(mm-1)

a
b
c
d
e
f
g
h

119.939
98.395
85.090
171.181
114.887
114.752
137.460
92488.695

1.133
1.136
1.238
1.013
1.115
1.166
1.055
0.134

A/V from Power Law
(mm-1)
SL
Photogrammetry
Scanning

1.137
1.210
1.267
1.017
1.153
1.153
1.089
0.140

1.098
1.169
1.223
0.981
1.113
1.113
1.052
0.135
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% Difference
SL
Scanning

Photogrammetry

0.349
6.548
2.330
0.397
3.355
1.116
3.242
4.343

3.107
2.697
1.167
3.072
0.207
4.582
0.319
0.483

4.7 Concluding Remarks
The study in this chapter validates the power law for mineral particles. The power law
function obtained from scanning a group of sample particles is leveraged to obtain A/V
using only V. The power law relationship between particle V and A/V which was obtained
theoretically before in Chapter 3 is also obtained for natural mineral particles. This power
law function is an important characteristic of particle 3D geometry. It provides useful
relation between particle 3D volume and surface area. This power law can be leveraged to
quickly obtain particle 3D geometry information without scanning them. Particle volume
can be obtained by measuring particle weight and specific gravity. Using volume and
power law function, particle surface area can be measured. Hence this significantly reduces
particle 3D scanning effort.
This study also demonstrates successful scanning of particles of up to ~7 mm size using
SL scanner and particles of ~20 mm using photogrammetry. Scanning smaller particles less
than ~10 mm using photogrammetry requires expensive and powerful cameras. Scanning
sand sized particles is not possible using photogrammetry method. Although it would be
interesting to obtain the 3D geometry information of microscopic clay-sized particles, at
this time it is limited by lack of proper optical geo-characterization equipment. This
prediction method is extremely useful in measuring geometry values for small sized
particles, the scanning of which is relatively more difficult.
This study also provides a comparison between two different scanning techniques: more
expensive, highly accurate and non-portable SL scanning method and economic and
portable photogrammetry method. The results show good agreement between these two
estimated values which establish photogrammetry as a reliable method of 3D scanning
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particles in field. In this study the photogrammetry successfully applied to limestone
aggregates with monochromatic, matte and porous texture that was previously considered
as unfavorable for scanning.
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5

PREDICTION OF 3D SPHERICITY WITH VOLUME ONLY

5.1 Introduction
5.1.1

Background

Particle shape is a key information to robustly establish a link between the underlying grain
scale mechanisms and the macroscopic material properties of the bound and unbound
aggregates widely used in the construction. There are vast number of literatures evidenced
the particle shape effect on the macroscale properties such as void ratio, stiffness, peak and
critical shear strength, dilation, etc. [5–13]. Therefore, major efforts have been made to
better characterize the particle shape, for which several shape descriptors were developed
in the research community [50,51,53,73,136], etc. However, these descriptors commonly
quantify the 2D particle shape for convenience in the field inspection with the challenges
in characterizing the shape in 3D.
A traditional 3D shape descriptor is the ‘true’ Sphericity ψ coined by Wadell [73] that
characterizes the 3D particle shape in terms of the surface area as shown in Equation 5.1
below.
ψ = As / A

5.1

where As is surface area of a sphere having the same volume with the particle of interest
and A is surface area of the particle. It is worthwhile to note that the true Sphericity is not
only an indicator of the overall particle form, e.g., how elongated the particle is, but also
the particle angularity, i.e., overall sharpness of corners, because ψ is a function of the
surface area that is influenced by both form and angularity [94,95]. The true Sphericity is
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simple to use, as it quantifies the 3D shape with surface area, compared to other
conventional descriptors that require complex geometry analysis even for 2D shape
characterization [41,137]. However, the true Sphericity has not been popular in the
engineering practice, ironically, due to the challenge of measuring the surface area. The
recent advances in optical geo-characterization leveraging 3D scan, e.g., X-ray Computed
Tomography (XRCT), Photogrammetry [55,57,100], enabled to facilitate capturing of 3D
particle geometry by developing digital 3D model, which made the measurement of surface
area more feasible as well as the volume, and in turn the true Sphericity. However, the 3D
scanning requires some extensive time and high computational cost, which still makes hard
to adopt the true Sphericity to characterize the shape distribution of aggregate with the
necessity of scanning as many particles as possible to enhance the statistical significance.
5.1.2

Objective and scope

The objective of this study is to introduce a new framework that can robustly estimate the
true Sphericity of aggregate particles with a minimal effort of 3D scanning. The key of this
new prediction approach is to leverage the relationship between the particle surface-areato-volume ratio (A/V) and the particle volume (V) that can be approximated by a power
law. Therefore, the surface area can be quickly estimated with volume only from the
identified power law relation, and in turn the shape distribution of particles can be rapidly
characterized in terms of the true Sphericity. Section 5.2 below discusses the power law
relation between A/V and V, and Section 5.3 demonstrates the feasibility of this 3D
Sphericity prediction framework on a set of mineral particles.
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5.2 Power Law Relation between A/V and V
The relationship between A and V for any particle geometry can be expressed as V =
A3/2×λ, where λ is a geometry constant, which can be easily understood as the particle
surface area A is in squared length and the volume V is in cubic length. This V = A 3/2×λ
can be reformulated to V = (A/V)-3×β, which is a power function with a power value α = 3 and β = 1/λ2. This formulation indicates the power value α is identically -3 for sphere,
cube, tetrahedron or whatever shape as far as the particles in the group have a same look
(shape). Considering V = (A/V)α ×β can be represented as log(V) = α×log(A/V) + log(β),
this power law relation between A/V and V is shown as a linear plot in the log-log space,
where the power term α corresponds to the slope of the log-log plot, and the constant term
β corresponds to the intercept of the plot. The following therefore can be postulated:
•

The α value of the A/V and V relation is always -3 for a group of particles with an
identical shape. Therefore, any deviation of the power value α from -3 indicates the
degree of shape heterogeneity, i.e., farther deviation of α from -3 indicates more
diversity of shapes in the particles.

•

The β value can be analytically defined, e.g., β = 36π (~113) for sphere (i.e., V =
(A/V)-3×36π), β = 136.46 for icosahedron, β = 216 for cube, and β = 374.12 for
tetrahedron, which increases with geometric angularity. Therefore, the β value
implies a characteristic of the representative shape for a given particle group.

How α and β varies with morphology distribution is an area of future study. This requires
more 3D geometric data collection for construction materials across globe with inherent
variability in grain geometry. Consequently, the α and β values represent the geometric
signature of a group of particles. Once the power law relation between A/V and V is
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identified, and the A/V ratio of a particle for a given V can be quickly estimated. The true
Sphericity ψ in Equation 5.1 can be reformulated as below with the consideration of the
particle volume V, which is also the volume of the sphere by the definition of the true
Sphericity:
ψ = (As/V) / (A/V)

5.2

Therefore, for a given V, the corresponding A/V can be found from the identified power
function. Computation of the surface area of sphere As is straightforward using the
theoretical formula, i.e., As = π1/3×(6V)2/3.

5.3 Demonstration of the 3D Sphericity Prediction using the Volume Only
This section demonstrates the proposed 3D Sphericity prediction as follows: (1) A set of
60 particles are first sampled from a batch of Florida limestone construction aggregate; (2)
An affordable 3D scanner, HP 3D Structured Light (SL) Scanner Pro S3 with dual cameras
[138], is employed to capture the 3D geometry of the sampled 60 particles; (3) The obtained
surface area A and volume V of the particles are used to identify a power law relation
between A/V and V. The weights of the sampled particles are also measured to obtain the
specific gravity of solids, which is for use later to estimate the volume of any particles in
the aggregate by weighing. Eight other Florida limestone particles of different sizes are
additionally sampled to see whether the power law holds true for the different sizes; (4)
The true Sphericity of another 344 particles are then estimated using the volume. The
weight of each particle is first measured, and then the volume V is computed using the
specific gravity of particles. The corresponding A/V ratio is found from the power law
function, and As is computed from the theoretical formula, whereby the distribution of the
true Sphericity can be found.
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5.3.1

Sampling of Florida Limestone Particles

A set of 60 particles are sampled from a batch of Florida limestone construction aggregate
provided by the Florida Department of Transportation (Figure 4.1). The particles are
whitish in color and have matte texture. These particles are randomly selected from two
groups of different sizes: ASTM #57 (25.0 to 4.75 mm) and #4 (37.5 to 19 mm) aggregates.
5.3.2

3D Scanning of the Sampled Particles

The 3D geometry of the sampled 60 particles is captured through 3D scanning for which
the Structured Light (SL) scanning is considered. An incentive of SL scanning is that it
performs a scan at 1:1 scale. Therefore, the digitalized 3D particle produced by the SL
scanning has the actual particle size, and there is no need to re-scale the digital particle to
the manually measured size, e.g., using a caliper, which is the major difference from the
single camera photogrammetry [128]. Consequently, the actual particle surface area and
volume are also immediately obtainable. This study employs an affordable SL scanner, HP
3D Structured Light Scanner Pro S3 [138]. The SL scanner is equipped with dual highresolution cameras and a Digital Light Processing (DLP) projector that can create a digital
3D model with up to 0.05 mm resolution.
The 3D scanning setup is shown in Figure 4.2, where the cameras and projector are
mounted on the aluminum sliding rail and capture the 3D geometry of the particle on the
automatic turntable capable of 360-degree rotation. The DLP projector emits a series of
light patterns on the particle. As the patterns get distorted on the object, the two highresolution cameras capture the changed patterns, based on which the companion software
computes the 3D geometry and creates the polyhedral mesh. The automatic turntable is set
to rotate at 10 degrees interval, which allows for scanning from all 360 degrees with a total
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of 36 scans. The particles are placed on a needle arrangement mounted on the turntable to
scan the whole surface including the bottom. Figure 4.5 shows the digitalized 60 particles.
The SL scanning results in high-quality 3D polyhedral meshes with around a million
triangular surface elements.
5.3.3

Characterization of the Power Law Relation between A/V and V

The surface area A and volume V obtained from the digitalized 60 particles are utilized to
identify the power law relation between A/V and V. Figure 5.1 shows the 60 data points
(black squares) from the sampling, from which the relation is approximated by a power
function, V = (A/V)-3.18×180.46. The power value α = -3.18 implies some level of shape
heterogeneity in the aggregate due to the deviation from -3. The intercept β = 180.46
represents a shape with angularity somewhere between icosahedron (β = 136.46) and cube
(β = 216). Since the all particle volumes are known, the specific gravity of solids can be
computed with the weight measured. This specific gravity of solids then can be used later
to estimate the volume of any particle selected from the Florida limestone aggregate by
weighing. To this end, 30 particles are randomly selected from the 60 particles and then
the weights are measured using a scale with resolution of 0.1 mg (Figure 5.2). The variation
of solid density is typically small, thus fewer particles (i.e., 30 particles) are weighed. The
average of specific gravity is 2.247 with a standard deviation of 0.107. The measured
weights of 30 particles are provided in Appendix C, Table C.3.
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Figure 5.1. V vs A/V relationship for 60 sampled limestone particles (black squares); power
law fit equation for the sampled particles; additionally sampled 8 particles (red circle);
predicted A/V values using weight superimposed on the power law equation (yellow cross).
Eight additional particles are selected from the batch of Florida limestone aggregate for
validation of the power law (Figure 4.8a). Particles of different sizes from the initially
sampled 60 particles are selected, where 7 particles are smaller (less than 10 mm) while
the other particle is larger (size ~ 95 mm) than the 60 particles. Likewise, the SL scanner
is used to capture the 3D geometry of the 8 particles (Figure 4.8b), from which the A/V
and V values are obtained and plotted (red circles) in Figure 5.1. The data points are close
to the power function, which indicates that the power law relation holds true for the
different sizes. It is worthwhile to note that the A/V ratio is inversely proportional to the
particle size as implied by the unit, a reciprocal length. Therefore, the A/V of the large
particle is small, while those of the 7 small particles are large. The particle volume V can
be also indirectly estimated from the measured particle weights with use of the specific
gravity of solids. Then the corresponding A/V value can be found from the power function.
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The A/V and V values estimated in this manner are plotted as × symbols in Figure 5.1,
which are close to the data obtained from the high-resolution SL scanning. Therefore, the
true Sphericity evaluated either way are close to each other as summarized in Table 5.1,
which indicates the true Sphericity can be robustly predicted with the volume only once
the power law relation between A/V and V is identified.

Figure 5.2. Measurement of particle weight.
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Table 5.1. True sphericity of additionally sampled 8 particles obtained by (a) 3D structured
light scanning and (b) using the V values indirectly estimated first with the measured
particle weights, then the corresponding A/V ratios found from the power function.

Particle #
a
b
c
d
e
f
g
h

5.3.4

(a) 3D SL scanning
0.865
0.922
0.888
0.860
0.892
0.853
0.888
0.795

(b) V estimated with
weight and A/V from
the power function
0.863
0.866
0.868
0.859
0.864
0.864
0.863
0.763

% difference
0.231
6.074
2.252
0.116
3.139
1.290
2.815
4.025

Rapid Characterization of the Shape Distribution in terms of the 3D Sphericity

The 3D Sphericity of a large number of particles are then estimated using the volume. A
total of 344 particles are randomly selected from the same batch of ASTM #57 and #4
aggregates (Figure 5.3). The whole process to compute the Sphericity of 344 particles takes
around 2 hours (i.e., about 20 seconds per particle), which is reasonably fast as the volume
can be quickly obtained by measuring the weight, and the rest of the procedure is
straightforward. Figure 5.4 shows the 3D Sphericity distribution of all 344 particles
evaluated by both particle number and volume, which represents the overall shape
distribution of the limestone aggregate.
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ASTM #57

ASTM #4

Figure 5.3. A total of 344 particles used to predict the 3D Sphericity distribution of the
Florida limestone aggregate.

Figure 5.4. The 3D Sphericity distribution of the aggregate particles evaluated by both
particle number and volume.
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5.4 Concluding Remarks
This study introduces a new framework that requires a minimal effort of 3D scanning to
robustly estimate Wadell’s true Sphericity that quantifies the 3D particle morphology. The
true Sphericity requires three parameters to be measured, i.e., the surface area of sphere
(As), particle volume (V), and particle surface-area-to-volume ratio (A/V). For a given V,
the computation of As in terms of V is straightforward, and the corresponding A/V is found
from the power law relation between A/V and V, which is the key ingredient of the
proposed 3D prediction framework. The power function can be identified with a minimal
effort of 3D scanning, and V can be indirectly estimated by measuring the particle weight
with the use of the specific gravity of solids. Therefore, the 3D Sphericity can be robustly
predicted with the volume once the power function between A/V and V is identified.
In order to predict the M value, the measurement of size is necessary. Although
measurement of size requires additional effort, but it also gives the complete two interrelated 2D spaces i.e. M vs L and A/V vs V. The advantage of sphericity prediction is that
it is a quicker method since only one parameter (weight) is needed to be measured.
However, since the size is not measured, sphericity distribution with respect to size is not
known in this method. This study demonstrates that geometry analysis of a large number
of particles can be rapidly and systematically performed, as the whole process only requires
the particle weight to be measured for the estimation of volume. Therefore, this framework
will facilitate the field inspection of aggregate as only a balance is needed to quantify the
particle geometry.

98

6

CONCLUDING REMARKS AND RECOMMENDATION FOR FUTURE
WORK

6.1 Concluding Remarks
This dissertation contributed in the field of multiscale mechanics of granular materials by
systematically unraveling the inter-relation of geometry components that control the
morphology at the grain-scale and demonstrating the correlation of morphology to
macroscale properties of concrete and soil. It also provides quick and practical method to
measure 3D geometry components for a large number of particles.
This dissertation systematically investigates how particle angularity influences the
performance of CBM. Experiments have been conducted in controlled environment by
properly controlling the mix proportion and quantifying aggregate morphology. These
experiments validate three morphology-driven mechanisms of CBM. The experiments
reveal that CBM with round aggregates have superior small-strain performance where
CBM containing angular/crushed aggregates have superior large-strain performance. The
outcome of this research shows that it is not always beneficial to use angular aggregates as
they reduce the small-strain modulus by early micro-crack development, hence also
affecting the durability.
This dissertation developing a systematic morphology characterization technique M-A-VL. M-A-V-L characterization considers different 3D geometry components such as A, V
and L and their interrelation. The characterization provides a two interrelated 2D space (M
vs L and A/V vs V) where the interrelation of these components is graphically preserved.
The two interrelated 2D spaces contain information about all the four morphology
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components and how to obtain one component value from the other. Conventional method
to describe particle morphology is to divide it into global form, local angularity and surface
texture at three different length scales. How global form and local angularity were related
and what fraction of contribution they each have in particle morphology was unclear. In
reality, particle surface area, volume and size are intertwined and has to be considered
together. M-A-V-L concept narrows down the number of grain-scale parameters to 4 (M,
A, V, L). These 4 parameters are also interrelated. These 4 parameters can be leveraged to
establish a link across scales.
This study shows experimental correlation of M with macroscopic direct shear strength.
Four particles with known M values have been selected to conduct the experimental
investigation. Experiments show accurate correlation of M with direct shear strength and
corresponding vertical displacement. One of the most important finding of this study is the
power law relationship between A/V vs V. This relationship is the key in predicting
surface-area-to-volume-ratio from particle volume. Particle 3D volume is relatively easy
to measure while there is no standard and easy method to obtain particle 3D surface area.
The other major contribution of this dissertation is the quick and accurate measurement
technique of particle 3D geometry. By leveraging the power law relationship between A/V
and V, true sphericity distribution of a set of particles can be obtained very quickly by
measuring just the weight of particle. This significantly improves the labor, computational
and instrumentational cost of measuring accurate 3D geometry of a large number of
particles which was not possible before. Particle morphology value can also be quickly
estimated using just the particle weight and size.
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6.2 Recommendation for Future Work
The present work can be expanded to investigate how 3D ‘true’ Sphericity and Morphology
‘distribution’ influence aggregate macroscale behavior. Triaxial compression tests can be
performed on aggregate groups whose 3D Sphericity and Morphology distributions (e.g.
well graded, uniformly graded with particles of varied morphology) are known beforehand.
The validated test results can be further used to better understand and predict the behavior
of aggregate groups with different morphology distribution. For example, it would be
interesting to know how the mixed and near-spherical morphology groups behave
differently in macroscale. This study can also be expanded to investigate how morphology
influences other macroscale properties of soil and concrete such as durability, permeability,
angle of repose, flowability etc.
Chapter 3 introduces two characteristics parameters of a morphology distribution α
(parameter describing morphologic heterogeneity) and β (parameter describing the
representative morphology of the group). Chapter 4 experimentally obtains values of α and
β for Florida limestone. As part of a future research, these values should be measured for
construction aggregates from different geographical regions with their inherent
mineralogical and morphological features to obtain information about their morphology
distribution. These α and β value information could be used to prepare a particle
morphology library which would facilitate research in particle morphology across the
research community. Another area of investigation would be to assess the capability and
accuracy of different 3D scanning techniques such as XRCT, laser scanning, SL scanning,
photogrammetry etc. for different construction aggregates with mineralogical and
morphological differences. This morphology index has also to be included in constitutive
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modeling of soil and concrete to reflect the influence of particle morphology in stress-strain
relationships.
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APPENDICES
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Appendix A – Geometry Parameter Values for Each of 100 Particles in Mixed and
Near-Spherical Morphology groups
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Table A.1. Particle Geometry Data for Mixed Group.
Particle
Surface
Number
Volume (V)
Area
Size (L)
3
(mm )
(A)
(mm)
Row
Column
(mm2)
number
number
1
215.333
181.430
8.109
2
280.709
214.140
8.719
3
229.203
185.476
8.042
4
326.946
232.899
8.912
5
239.696
191.451
8.296
1
6
112.634
122.463
6.954
7
212.349
179.450
8.167
8
277.643
209.486
8.587
9
367.542
250.045
9.135
10
334.526
234.685
9.101
1
47.538
78.938
5.920
2
29.752
54.514
5.566
3
92.344
112.758
6.850
4
45.501
67.742
5.822
5
93.016
105.239
6.915
2
6
169.370
154.096
8.168
7
189.581
164.399
8.201
8
214.690
176.627
8.264
9
239.175
188.767
8.395
10
250.261
194.500
8.623
1
51.605
73.095
6.178
2
102.953
112.975
7.395
3
45.042
68.136
6.049
4
26.632
49.764
5.119
5
145.441
137.900
7.563
3
6
87.994
98.683
6.853
7
133.011
128.502
7.496
8
338.957
237.502
8.941
9
163.018
148.063
7.851
10
217.531
179.324
8.458
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Morphology
(M)
1.139
1.109
1.085
1.058
1.104
1.260
1.150
1.080
1.036
1.064
1.639
1.700
1.394
1.445
1.304
1.239
1.185
1.133
1.104
1.117
1.458
1.352
1.525
1.594
1.195
1.281
1.207
1.044
1.188
1.162

Table A.1. Particle Geometry Data for Mixed Group (Continued).
Particle
Surface
Number
Volume (V)
Area
Size (L)
Morphology
3
(mm )
(A)
(mm)
(M)
Row
Column
(mm2)
number
number
1
26.885
49.693
5.343
1.646
2
32.129
60.506
5.886
1.848
3
28.258
49.239
5.566
1.617
4
139.842
136.088
7.850
1.273
5
76.954
95.094
6.918
1.425
4
6
112.388
119.050
7.398
1.306
7
108.777
116.311
7.171
1.278
8
172.970
155.490
8.041
1.205
9
225.597
182.337
8.493
1.144
10
122.314
124.135
7.787
1.317
1
26.491
50.013
6.082
1.914
2
12.912
30.993
4.602
1.841
3
18.141
38.324
5.083
1.790
4
54.990
74.190
6.404
1.440
5
39.403
63.365
6.307
1.690
5
6
44.077
66.467
5.695
1.431
7
50.702
72.311
6.339
1.507
8
66.423
83.552
6.336
1.328
9
64.001
82.663
6.499
1.399
10
50.934
69.989
6.146
1.408
1
7.230
22.125
4.536
2.313
2
13.243
32.024
4.861
1.959
3
30.188
52.094
6.082
1.749
4
28.180
49.453
5.408
1.582
5
40.472
61.487
5.762
1.459
6
6
83.874
97.987
7.205
1.403
7
56.635
76.086
6.498
1.455
8
66.989
84.967
6.952
1.470
9
72.588
88.778
6.919
1.410
10
53.201
74.190
6.855
1.593
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Table A.1. Particle Geometry Data for Mixed Group (Continued).
Particle
Surface
Number
Volume (V)
Area
Size (L)
Morphology
3
(mm )
(A)
(mm)
(M)
Row
Column
(mm2)
number
number
1
15.063
33.363
5.407
1.996
2
4.773
16.676
3.802
2.214
3
35.201
57.898
6.408
1.757
4
43.895
65.607
6.497
1.618
5
34.501
55.010
5.729
1.522
7
6
47.109
68.489
6.402
1.551
7
39.047
59.740
5.826
1.486
8
29.239
49.233
5.405
1.517
9
54.446
74.589
6.697
1.529
10
38.581
59.936
6.146
1.591
1
5.276
17.737
4.116
2.306
2
2.597
11.555
3.574
2.651
3
9.023
24.742
4.668
2.133
4
16.001
35.081
5.246
1.917
5
8.434
23.937
4.444
2.102
8
6
6.469
19.989
4.055
2.088
7
15.734
33.572
4.796
1.706
8
21.237
40.904
5.117
1.643
9
32.661
53.479
5.762
1.572
10
12.959
30.727
5.182
2.048
1
1.947
10.031
3.255
2.794
2
3.501
13.132
4.057
2.537
3
2.389
11.202
3.349
2.618
4
14.242
32.749
5.147
1.972
5
3.797
15.359
3.963
2.672
9
6
10.122
26.494
4.862
2.121
7
15.421
34.598
5.379
2.011
8
11.399
28.206
4.827
1.991
9
8.308
22.889
4.377
2.010
10
6.324
19.457
4.314
2.212
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Table A.1. Particle Geometry Data for Mixed Group (Continued).
Particle
Surface
Number
Volume (V)
Area
Size (L)
Morphology
3
(mm )
(A)
(mm)
(M)
Row
Column
(mm2)
number
number
1
4.814
16.292
4.090
2.307
2
4.550
16.156
4.379
2.591
3
1.609
8.334
3.125
2.698
4
1.384
7.839
3.252
3.069
5
3.825
14.705
4.028
2.581
10
6
2.386
10.920
3.607
2.751
7
6.128
20.030
4.695
2.558
8
3.797
14.148
3.738
2.321
9
6.596
19.988
4.248
2.145
10
8.845
23.615
4.571
2.034
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Table A.2. Particle Geometry Data for Near-Spherical Group.
Particle
Number
Row
number

1

2

3

Column
number
1
2
3
4
5
6
7
8
9
10
1
2
3
4
5
6
7
8
9
10
1
2
3
4
5
6
7
8
9
10

Volume (V)
(mm3)

Surface
Area (A)
(mm2)

Size (L)
(mm)

Morphology
(M)

327.290
320.079
322.706
275.090
285.101
283.212
271.628
271.849
288.523
260.339
279.769
283.699
221.988
256.509
243.775
229.494
188.155
220.458
237.395
211.951
196.139
191.186
207.783
201.886
193.269
164.157
169.398
190.218
150.141
167.654

232.718
228.506
228.806
207.197
211.747
210.673
204.718
204.696
212.411
199.146
208.054
211.156
178.867
196.280
189.881
182.857
161.096
178.369
186.920
173.829
165.054
161.606
171.059
167.276
162.905
147.046
150.063
160.938
138.827
148.309

8.984
8.876
8.830
8.780
8.726
8.612
8.604
8.565
8.501
8.435
8.370
8.365
8.262
8.130
8.020
8.020
8.010
7.996
7.979
7.870
7.843
7.635
7.601
7.539
7.499
7.436
7.383
7.384
7.379
7.291

1.065
1.056
1.043
1.102
1.080
1.068
1.081
1.075
1.043
1.075
1.037
1.038
1.110
1.037
1.041
1.065
1.143
1.078
1.047
1.076
1.100
1.076
1.043
1.041
1.053
1.110
1.090
1.041
1.137
1.075
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Table A.2. Particle Geometry Data for Near-Spherical Group (Continued).
Particle
Number
Row
number

4

5

6

Column
number
1
2
3
4
5
6
7
8
9
10
1
2
3
4
5
6
7
8
9
10
1
2
3
4
5
6
7
8
9
10

Volume (V)
(mm3)

Surface
Area
(A)
(mm2)

Size (L)
(mm)

Morphology
(M)

164.120
150.721
171.323
156.489
147.044
148.238
142.207
138.474
125.946
112.798
126.178
131.495
123.382
102.934
116.915
101.145
97.509
111.839
102.983
96.024
90.624
86.386
93.912
82.631
87.290
74.343
73.993
69.564
66.328
77.360

146.524
138.425
149.775
141.858
135.700
136.005
133.139
130.285
122.711
113.789
122.993
126.011
121.169
107.128
116.542
105.924
103.161
113.060
106.821
102.063
98.316
95.043
100.374
93.016
96.052
86.582
86.166
82.545
80.169
88.307

7.280
7.267
7.224
7.161
7.033
6.976
6.967
6.871
6.772
6.740
6.741
6.718
6.717
6.544
6.527
6.345
6.314
6.296
6.050
6.026
6.007
5.954
5.935
5.931
5.915
5.861
5.708
5.695
5.592
5.484

1.083
1.112
1.053
1.082
1.082
1.067
1.087
1.077
1.100
1.133
1.095
1.073
1.099
1.135
1.084
1.107
1.113
1.061
1.046
1.067
1.086
1.092
1.057
1.113
1.085
1.138
1.108
1.126
1.127
1.043
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Table A.2. Particle Geometry Data for Near-Spherical Group (Continued).
Particle
Number
Row
number

7

8

9

Column
number
1
2
3
4
5
6
7
8
9
10
1
2
3
4
5
6
7
8
9
10
1
2
3
4
5
6
7
8
9
10

Volume (V)
(mm3)

Surface
Area
(A)
(mm2)

Size (L)
(mm)

Morphology
(M)

62.641
63.249
59.640
56.097
58.545
52.423
56.974
60.920
48.764
48.031
48.640
48.700
50.783
43.794
44.003
41.272
38.539
40.989
31.321
34.637
34.103
35.363
32.127
28.530
29.401
27.282
23.414
25.368
23.323
21.462

77.038
77.885
74.805
71.986
73.572
68.262
72.619
75.246
65.490
64.445
64.995
65.033
66.997
60.958
60.977
58.230
55.780
57.920
48.455
51.951
51.101
52.397
49.420
45.526
46.518
44.314
40.119
42.016
39.891
37.783

5.386
5.343
5.345
5.265
5.199
5.170
5.146
5.113
5.095
5.058
5.034
4.983
4.967
4.939
4.878
4.682
4.687
4.617
4.445
4.415
4.382
4.343
4.266
4.153
4.090
4.074
4.061
3.832
3.826
3.824

1.104
1.097
1.117
1.126
1.089
1.122
1.093
1.053
1.140
1.131
1.121
1.109
1.092
1.146
1.127
1.101
1.131
1.087
1.146
1.104
1.094
1.072
1.094
1.105
1.079
1.103
1.160
1.058
1.091
1.122
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Table A.2. Particle Geometry Data for Near-Spherical Group (Continued).
Particle
Number
Row
number

10

Column
number
1
2
3
4
5
6
7
8
9
10

Volume (V)
(mm3)

Surface
Area
(A)
(mm2)

Size (L)
(mm)

Morphology
(M)

19.034
18.976
19.418
19.396
20.709
16.163
14.222
13.613
12.838
14.413

34.795
34.743
35.187
35.280
36.784
31.091
28.597
27.910
26.798
28.805

3.749
3.646
3.610
3.592
3.597
3.323
3.285
3.265
3.252
3.192

1.142
1.113
1.090
1.089
1.065
1.065
1.101
1.116
1.131
1.063
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Appendix B – Direct Shear Test Experimental Data on 3D-Printed Particles
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Figure B.1. Direct shear test results for particle 1-1.
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Figure B.2. Direct shear test results for particle 1-5.

137

138

139

140

Figure B.3. Direct shear test results for particle 4-1.
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Figure B.4. Direct shear test results for particle 4-5.
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Appendix C – Limestone Particle 3D Scan Data
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Table C.1. Data for 60 particles SL scanned and 30 particles photogrammetry scanned.
Photogrammetry
SL Scanning
Particle Volume (V)
Surface Area
Size (L)
Surface Area
Size (L)
Number
(mm3)
(A) (mm2)
(mm)
(A) (mm2)
(mm)
1
12603.3
3328.12
40.71
3149.64
40.28
2
20892.1
4643.45
54.37
4421.68
54.32
3
26555
5923.71
55.18
5298.34
54.45
4
19843.4
4508.16
50.94
4268.98
50.36
5
14158.5
3493.55
46.40
3397.63
46.47
6
14319.3
3535.13
43.64
3436.47
43.41
7
18801.1
4315.15
53.57
4195.39
53.66
8
11604.7
3196.94
44.98
3036.97
44.64
9
18709.6
4590.24
49.12
4389.98
49.04
10
11844.5
3060.13
42.67
3025.03
42.07
11
10871.4
2987.34
43.92
2968.41
45.47
12
14225.5
3615.68
42.59
3510.43
42.31
13
17489.7
4228.93
56.30
4156.05
56.66
14
13019.5
3337.45
42.31
3238.28
42.12
15
22581.2
5035.47
56.08
4896.54
55.63
16
8540.2
2512.12
39.68
2464.21
39.16
17
14068.6
3507.88
47.24
3448.09
46.65
18
11257.4
3043.69
40.56
2919.33
40.52
19
4030.3
1500.21
31.61
1441.90
31.42
20
3909.9
1542.7
30.11
1498.06
29.75
21
3368.4
1336.67
26.86
1299.73
26.46
22
4322.3
1548.09
30.31
1509.48
30.31
23
7704.3
2288.14
39.19
2218.34
39.09
24
8880.2
2578.11
36.16
2460.01
36.21
25
4609.1
1686.63
31.89
26
3380.3
1349.89
25.70
27
3910.3
1441.87
28.89
28
2826.5
1159.88
24.16
29
3846.7
1508.74
29.07
30
2909.3
1236.71
26.69
-

147

Table C.1. Data for 60 particles SL scanned and 30 particles photogrammetry scanned
(Continued).
Photogrammetry
SL Scanning
Particle Volume (V)
Surface Area
Size (L)
Surface Area
Size (L)
Number
(mm3)
(A) (mm2)
(mm)
(A) (mm2)
(mm)
31
2341.6
1091.12
25.08
32
5076.1
1739.03
29.27
33
2426.2
1114
27.94
34
3826.6
1482.6
27.94
35
3219.8
1301.67
27.31
36
2853.2
1189.22
29.02
37
3340.1
1377.34
30.31
38
23221.5
5015.71
48.93
39
13727.8
3403.72
41.71
40
7933
2505.49
41.15
41
4828.2
1759.89
38.61
42
2393.2
1085.33
28.52
43
3815.8
1405.32
26.76
44
2481.2
1080.94
27.00
45
2614
1123.28
25.15
46
1885
865.09
20.81
835.69
20.65
47
1969.1
909.88
23.26
864.55
23.22
48
2624.4
1072.79
22.95
1056.71
22.66
49
1902.4
931.63
23.79
915.57
23.64
50
1521.6
767.15
21.55
745.57
21.44
51
1632.6
828.24
24.29
812.80
24.81
52
1741.1
825.83
20.10
53
1882.4
914.85
22.30
54
1831.7
881.92
21.07
55
1375.3
705.44
19.26
56
1781.2
878.94
22.23
57
1016.5
591.44
18.82
58
1211.9
654.06
17.78
59
884.4
542.39
16.75
60
1176.3
648.02
18.57
-
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Table C.2. Additionally sampled 8 particle SL scan data.
Particle
Volume (V) (mm3) Surface Area (A) (mm2) Size (L) (mm)
Number
a
119.939
135.924
9.968
b
98.395
111.776
7.329
c
85.090
105.356
7.319
d
171.181
173.361
10.184
e
114.887
128.136
8.643
f
114.752
133.822
8.870
g
137.460
145.053
9.171
h
92488.695
12433.123
94.969
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Table C.3. Particle Weight.
Particle
Weight (grams)
Number
1
26.676
2
49.124
3
54.271
4
45.836
5
30.736
6
34.795
7
44.465
8
26.655
9
41.873
10
26.091
11
25.301
12
32.951
13
42.213
14
27.510
15
51.671
16
19.215
17
31.927
18
24.877
19
8.737
20
9.449
21
7.950
22
8.783
23
16.308
24
19.574
46
4.246
47
4.311
48
5.882
49
4.009
50
3.462
51
3.830
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